Modelling and optimising of crude oil desalting process by Musleh B. Al-Otaibi (7127378)
 
 
 
This item is held in Loughborough University’s Institutional Repository 
(https://dspace.lboro.ac.uk/) and was harvested from the British Library’s 
EThOS service (http://www.ethos.bl.uk/). It is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
MODELLING AND OPTIMISING OF CRUDE OIL 
DESALTING PROCESS 
By 
Musleh B. AL-Otaibi 
A Doctoral Thesis 
Submitted in partial fulfilment of the requirements for the award of 
Doctor of Philosophy of Loughborough University 
March 8th 2004 
sJ. c.. ý". »., ... u.. . 
. 'ý. 
IMýMW-OS. wo-rtr yel'ýW'4ýy, und-hR. Urttýpys M ..., """ " xv .. 
r' 
"t'. ý"Y. ý, i . t"<<ý. e . xaw* r. ý. btri++ý. « 
:. ý"ti+1"Y, +'+'k'., yeýr"+e`w' 
© by Musleh B. AL-Otaibi (2004) 
TEXT BOUND INTO 
THE SPINE 
1 
ABSTRACT 
The history of crude oil desalting/dehydration plant (DDP) has been marked in progressive 
phases-the simple gravity settling phase, the chemical treatment phase, the electrical 
enhancement phase and the dilution water phase. In recent times, the proper cachet would be the 
control-optimisation phase marked by terms such as "DDP process control, " "desalter 
optimisation control, " or "DDP automating technology. " Another less perceptible aspect, but 
nonetheless important, has been both a punch listing of traditional plant boundaries and a 
grouping of factors that play the essential roles in a desalting/dehydration plant (DDP). 
Nowadays, modelling and optimising of a DDP performance has become more apparent in 
petroleum and chemical engineering, which has been traditionally concerned with production 
and refinery processing industries. 
Today's desalting/dehydration technology finds itself as an important factor in such diverse areas 
as petroleum engineering, environmental concerns, and advanced technology materials. The 
movement into these areas has created a need not only for sources useful for professionals but 
also for gathering relevant information essential in improving product quality and its impact on 
health, safety and environmental (HSE) aspects. All of the foregoing, clearly establishes the need 
for a comprehensive knowledge of DDP and emulsion theories, process modelling and 
optimisation techniques. The main objective of this work is to model and qualitatively optimise a 
desalting/dehydration plant. In due course, the contents of this thesis will cover in depth both the 
basic areas of emulsion treatment fundamentals, modelling desalting/dehydration processes and 
optimising the performance of desalting plants. In addition, emphasis is also placed on more 
advanced topics such as optimisation technology and process modifications. At the results and 
recommendation stage, the theme of this work-optimising desalting/dehydration plant -will 
practically be furnished in an applicable scheme. Finally, a significant compendium of figures 
and experimental data are presented. This thesis, therefore, essentially presents the research and 
important principles of desalting/dehydration systems. It also gives the oil industry a wide 
breadth of important information presented in a concise and focused manner. In search of data 
quality and product on-line-improvement, this combination will be a powerful tool for operators 
and professionals in a decision support environment. 
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Chapter 1 
INTRODUCTION 
It is seldom that a producing oil field has operated only on a dry crude processing scheme. Most 
of the oil fields around the globe are producing oil that is often accompanied by significant 
amounts of water. Consequently, the need to provide desalting/dehydration systems to separate 
the oil and water before the oil can be sold has been a necessity rather than just for upgrading a 
product. Therefore, because of the importance of this process defining the operation of an oil 
desalting/dehydration plant (DDP) as the process of removing water-soluble salts from the oil 
stream is the setting of an introductory basis for this work. Rules and regulations regarding 
effluent water from DDP have also recently become increasingly more restricted worldwide. In 
view of the fact that producing a barrel of oil is an ever-increasing cost curve, the use of 
water/oil emulsion treatment plants has become a common yet an important practice in crude oil 
processing. 
By definition, an emulsion is a system consisting of a mixture of two immiscible liquids, one of 
which is dispersed as fine droplets in the other and is stabilized by an emulsifying agent (Grace, 
1992). In such a system an internal phase is known as the dispersed droplets. Whereas the liquid 
surrounding the dispersed droplets is the external or continuous phase. An emulsifying agent 
separates the dispersed droplets from the continuous phase. There are two basic types of 
emulsions encountered in an oil field; water-in-oil and oil-in-water. The oil-in-water emulsions 
are often termed reverse emulsions. It has been noticed that more than 95% of the crude oil 
emulsions formed in oil fields are of the water-in-oil type. The three main components in a 
water-in-oil emulsion are as follows (Bessler and Chlingarian, 1987): 
(1) A dispersed phase (Water). 
(2) A continuous phase (Oil). 
(3) A stabilizing agent (emulsifiers). 
Two necessary conditions must exist to form stable water/oil emulsions: the two liquids must be 
immiscible, which is always true in oil fields, and there must be sufficient agitation to disperse 
the water as droplets in the oil. 
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The formation water associated with oil or an emulsified water exists predominantly in the form 
of dispersed particles that vary in size; large drops down to small ones of about 1 µm (0.00004 
in. ) in diameter. The stability and size distribution of emulsions are usually determined by two 
factors: characteristics of water and oil (gravity, surface tension, chemical constituents, etc. ) and 
means of production methods. In this research, further reference to the word `emulsion' implies 
water-in-oil type, which is the predominant type in crude oil production. 
Emulsion treatment has ranged from the simple ways of gravity settlement to the highly 
sophisticated techniques based on Tri-Volted Desalting and Dehydration systems (TPL, 1992). 
The efficiency of the development of desalting systems has always been evaluated in terms of 
quantities of salt and water being removed. In this respect, heating crude oil streams has been a 
crucial part of various desalting/dehydration or refining processes where water may be driven off 
as steam at the end. Salts present in the water, however, do not leave with the steam. They 
crystallize and may either remain suspended in oil or cause scale forming within heat-exchanger 
equipment. Those entrained salt crystals may deactivate catalyst beds and plug processing 
equipment. 
This common phenomena is considered a source of potential problems for equipment as well as 
fine instrumentation. Refineries usually reduce crude oil salt contents to very low levels prior to 
processing. Increasing the amount of desalting efficiency is required at a refinery so as to meet 
oil purchasing contracts which specify a maximum salt content as well as maximum water 
content. Typically, salt specification would be 10 pounds per thousand barrels (PTB) of oil 
treated and water content should be less than 0.10 % of the treated crude oil (KOC, 1987). 
Satisfying such purchase specifications require pre-desalting of crude upstream of refineries. 
Desalting/Dehydration Plants (DDP) are often installed in crude oil production units in order to 
limit the occurrence of water-in-oil emulsions. One main objective of installing desalting plants 
is to decrease the flow of salt content to refinery distillation feed-stocks and to minimize the 
energy required for pumping and transportation. A typical Desalting/Dehydration Plant operation 
comprises of the following six major steps: separation by gravity settling, chemical injection, 
heating, addition of fresh (less salty) water, mixing, and electrical coalescing. 
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1.1 Sources of Wet Oil 
An explanation of the sources of wetness in crude oil, from a petroleum-engineering perspective, 
is given at this point. A great number of oil reservoirs receive water influx. Water is often called 
the driving force and normally present at the bottom of reservoirs exerting pressures on the oil 
accumulations. As oil is being produced and withdrawn up to the surface, water advances into 
the void spaces replacing the oil. Generally, emulsions occur as a result of flowing crude oil 
streams and shaking (agitation) of water along the flowing pipelines and elbows (Schramm, 
1992). In short, the main sources of wet oil production is due to the following three main 
reasons: primary, secondary and tertiary causes. 
1.1.1 Primary causes 
Historical trends of almost every oil well shows that more water is withdrawn with oil than a pre- 
set specification. In some cases water-in-oil (emulsion)production is noticed from the beginning 
of production and others show emulsion much later in the life time of a field. In a brief, primary 
causes could be one or a combination of the following incidents: water coning, water fingering 
or an early water breakthrough. 
1.1.2 Secondarycauses 
Sudden irregular water intrusion is another possible causes of oil wells producing salty water. 
Such an intrusion could be detected due to the following causes: 
"A crack in the casing near water formation. 
" Inter-communication between tubing ad casing strings. 
0 Corrosion in the casing. 
" Water/Oil contact formation fracture. 
0 Poor cementing job. 
Nonetheless, rectifying the secondary causes listed above can possibly be practical and therefore 
preventing water intrusion. 
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1.1.3 Tertiary causes 
Modem technologies for Enhanced Oil Recovery (EOR) are considered another cause of water 
intrusion that is induced as a result of stimulating the production of oil. Steam or water injection 
are among these technologies that are common nowadays (Elgibaly, 1999). Depleted pressure 
reservoirs are utilizing these injection methods which help to increase the amount of residual oil 
recovery. These causes usually come into the picture at later steps of oil recovery. Sea water or 
steam injection plants are examples of tertiary root causes of occurrence of wet oil. Delicate 
handling of such technologies are necessary, especially operating producing wells, or otherwise 
water will be mixed with oil. 
In addition to the above mentioned causes, there are other emulsion intensifiers that come along 
the paths of production. Subsurface pumps or gas lift methods and equipment are among the list 
of what is called "mixing intensifiers. " As the water-in-oil emulsions travel along the pipes and 
elbows, they intend to get agitated. The agitation normally takes place along the flow path casing 
perforations, production tubing and subsurface safety valves. It also becomes intensified when 
flowing through bottom and well head chokes, or in the flow lines and pipeline restrictions. 
The above mentioned causes outline the main answer as "why" wet oil productions occur. In the 
following section, the importance of installing a DDP will thoroughly be explained. The 
emulsion theories and principles are also given within the following section. 
1.2 Importance of Desalting/Dehydration 
Brine formation waters from petroleum reservoirs are produced in conjunction with oil 
production. From a geological point of view formation water resides in crude oil principally 
because salt water underlies the crude oil in the formation from which it is produced (Collins, 
1987). However, as the field production is extended, increasing proportions of formation water 
come out with the oil. Eventually, at some point in a well's life span, it produces water and oil 
simultaneously, either as a result of natural formation conditions or as an effect of secondary or 
tertiary production methods. 
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1.2.1 A close look at nature of emulsions 
Intense mixing intensifies emulsification of water and oil. This may occur in the oil producing 
formations themselves, or in mechanical equipment such as chokes, pipeline network, separators, 
and feed pumps. 
An initial water cut normally starts at the edge of an oil field and progresses until the production 
is predominantly water instead of oil. These formation waters vary widely in composition and 
quantity of their salts content, which they carry in solution, but their salinity is generally greater 
than that of seawater. The concentrations of solids in oilfield waters are also much higher than in 
seawater. A typical total solid concentrations in formation waters range from as little as 200 ppm 
to saturation, which is approximately 250,000 ppm (Collins, 1987). Seawater literally contains 
about 35,000 ppm of total solids. However, a point of concern here is that the water contained in 
a producing formation has different composition than any other brine, even those in the 
immediate vicinity of that formation. 
Because every crude oil has its own characteristics, its emulsions vary from one oil field to 
another simply because of its geological age, chemical composition, and associated impurities. 
Furthermore, chemical and physical properties of produced water are also specific to individual 
reservoirs, which affects emulsion characteristics as well. It is also emphasized that formation 
waters from two different fields are never similar and they vary widely in characteristics. Some 
waters have densities greater than 1.2, whereas others are essentially non-saline. The ions present 
usually include Na +, Cat+, Mgt+, Cl', HC03 , S04 
2', and sometimes Ba2+ (Bessler and 
Chlingarian, 1987). 
1.2.2 Stability ofEmulsions 
It is important to understand the stability of emulsions and the factors that contribute to that 
stability so one would establish grounds in solving desalting and dehydration process. Although 
this topic has been the subject of extensive studies and investigations of the destabilization of 
W/O emulsions, the actual mechanisms are still not well understood. 
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An emulsion may be stabilized by the presence of a protective film around water droplets. Such 
protective films, are created by emulsifying agents. Those emulsifying agents act as a structural 
barrier to coalescence of water droplets. Nevertheless, emulsion stability is due to the following 
factors summarized as follows (Schramm, 1992): 
(1) Emulsifying agent type. An emulsion may be relatively unstable when water first 
mixes with oil. Under certain period of time emulsifying agents migrate to the 
interface of water-in-oil due to their surface-active characteristics. The activity of 
an emulsifying agent is generally related to two functions: performance at the 
interface, and speed of migration. 
(2) Droplet size. Generally speaking the smaller the size of droplets the better the 
stability of the emulsion. Small sizes of water droplets are commonly noticed 
when high shearing action is being applied to an emulsion, and then water will be 
divided into smaller and very fine drops. 
(3) Water Content. As the water cut increases, the stability of the emulsion decreases. 
Experience has shown that the lower the water percentage, the more difficult it is 
to treat the emulsion. The amount of emulsifying agents, which are mostly present 
at the water-oil interface, is concentrated if water percentage is small. 
There are also other factors contributing to the emulsion stability. The first factor is the oil 
viscosity (high viscosity of an oil has a high resistance to flow, thus retarding water droplets 
movement to coalesce). A second factor is the emulsion's age (in a general term: as oil and water 
are mixed the emulsifying agents tend to go towards the interface and cause stabilizing of 
emulsions as time passes by). Older emulsions are generally difficult to treat. The last factor is 
the film's strength (the more foreign materials present in emulsions the more stronger the film in 
the surrounding water drops). 
Rupturing the film that surrounds a water drop, is a science by itself. Therefore it is necessary to 
introduce chemical acting as de-emulsifiers, and as a usual practice heat is also given. The 
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chemical used to break the film is widely known as demulsifier, which plays a great role in the 
performance of a desalter plant. 
The next section discusses the subject of factors that affect the performance of a desalting plant. 
It is the intention of this research to evaluate the contribution of each variable, to a DDP process. 
This will provide means of identifying methods for increasing the efficiency of this crucial 
process in oil industry. 
1.2.3 Factors affecting Desalting/Dehydration' performance. 
The essence of emulsion treatment involves allowing time for water drops to settle out and be 
drained off. This is carried out in wash tanks (Wet Tanks), separators, and desalting vessels. 
However, increasing the settling and draining could be achieved by using one or more of the 
following actions; 
1. Chemicals (demulsifier) injection; 
2. Temperature increase of the emulsion; 
3. Washing emulsion by adding diluents (fresh water); 
4. Electrical voltage application. 
Breaking the films surrounding the small droplets is considered the main objective of a desalting 
plant. Furthermore, coalescing droplets to form larger drops, and allowing water drops to settle 
out during or after coalescing is an accompanied step in the desalter plant. In short, the most 
important variables affecting desalting performance that have been identified and studied include 
(1) settling time, (2) chemical/demulsifier injection, (3) heat, (4) adding fresh water, (5) mixing 
them (emulsion, chemical, and the fresh water), and (6) electricity. 
(1) Settling Time. 
Gravity differential is the scientific principle that forms the basis for all emulsion-treatment 
plants. Gravitational residence time is based on Stokes' equation [Groeneweg, et. al. (1998)]: 
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v=2 r24Og 
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(1.1) 
Where v is the downward velocity of a water droplet of radius r, zip is the difference in density 
between the two phases, p[ is the viscosity of the oil phase, and g is the gravitational constant. 
From the above equation, it is implied that gravitational separation can be intensified based on 
maximizing r, increasing the value of zip, and minimizing p, the viscosity of the oil phase. 
By adding dilution water and heating, an increase in the difference of densities and a decrease in 
oil viscosity would be achieved. Whereas applying electrical force will enhance the radius of the 
water droplet. 
(2) Chemical/Demulsifier Injection. 
Demulsifiers are somewhat similar to emulsifying agents. They affect the water-oil interface, and 
therefore the faster the demulsifier reaches to that interface, the better action would be 
accomplished. Generally, demulsifiers act to neutralize the effects of emulsifying agents. Some 
common emulsifying agents are iron sulphide, silt, clay, drilling mud solids, paraffin, etc. 
Effectiveness of a demulsifier program depends on proper chemical selection and application. In 
this thesis, the data given for the chemical is pertaining to a commercial agent called CC-3408- 
Apparently, this chemical had a more pronounced effect on basic sediment and water (BS&W) 
content at low ppm. As a result, this type of chemical was chosen as the representative chemical 
throughout the experimental section. 
Chemical injection calculations are basically based on the following three assumptions: 
(a) Oil is the continuous phase. 
(b) A demulsifier acts and travels in the continuous phase. 
(c) A demulsifier is water insoluble but oil soluble. 
The mechanism of a chemical process involved in demulsification is shown to be complex and 
not explainable by any simple theory. There is, however, a rule of thumb used in the oil fields 
which states that the lower the water percentage in an emulsion the more difficult it is to treat. 
This rule is explained as such: 
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(a) Water drops distribution in the continuous phase depends on the water percentage. 
The higher the water percentage, the closer the proximity of water drops. 
(b) Concentration of the emulsifying agents is more at the water-oil interface if the water 
percentage is small. 
(c) Dispersed drops are difficult to coalesce compared to close by ones. Moreover, the 
rate, at which water drops will coalesce, is a function of the droplet radius. 
(3) Heating. 
Increasing the temperature of an emulsion decreases its viscosity, thickness and cohesion of the 
film surrounding water drops. Increasing temperature to an optimum level also reduces the 
continuous phase (oil) viscosity helping water drops to move freely and faster for coalescing. 
The following functions are accomplished by heating (Grace, 1992): 
(i) Dissolving the skin surrounding the water drops; 
(ii) Spreading demulsifier throughout the continuous phase reacting with films; 
(iii) Creating thermal current to collide water drops; 
(iv) Melting the emulsifying agents. 
Temperature control during operations is considered to be a delicate operation. Care should be 
taken and any excessive heat might lead to evaporation, which result not only in a loss of oil 
volume, but in a reduction in price because of a decrease in the API gravity. In addition fuel gas 
is a valuable product that can not be inefficiently wasted. Uncontrolled heating might also result 
in many operational problems. To summarize, excessive heating leads to the following problems: 
(1) increase in fuel cost, (2) more maintenance problems and cost, (3) chances of scale 
development, and (4) increase in oil volume loss and API decrease. 
(4) Dilution with fresh water. 
Some salts in emulsion take the form of solid crystals. Therefore, wash-water demand to dissolve 
these crystal salts arises. The point of injection of fresh water is usually at a nozzle before heat 
exchangers. This is so to increase the mixing efficiency and to prevent scaling inside pipes and 
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heating tubes. Dilution of fresh water is also carried out to wash water drops in emulsions. Only 
after this step water should be drained off, hence the term "wash water" is used to show the 
sequence of the process. The ratio of fresh water injected depends on the API gravity of the 
crude, but, generally, the injection rate is 3-10% of the total crude flow (Al-Kandari, 1997). 
(5) Mixing. 
High shear actions, as discussed earlier, is the typical reason for the formation of emulsions. 
Similarly, when dilution water (fresh water) is added to an emulsion, one needs to mix the 
phases so as to dissolve the salt crystals to aid in coalescing of finely distributed droplets. Mixing 
takes place in a mixing valve designed in a way that it provides a high shear force in the range of 
10-25 psi of differential pressure. Mixing contributes to emulsion process in three steps: (1) 
joins smaller drops together, (2) mixes chemicaUdemuslifier with the emulsion, and (3) breaks 
the free injected volume of wash water into emulsion sized drops and evenly distributes it. 
1.2.4 Performance criteria 
Removal of water from wet streams has long been a crucial part in oil production operations. 
There are many reasons behind installing a Desalting and Dehydration Plant; one main reason is 
to avoid transporting high viscosity liquids, "water-in-oil" emulsions, which requires more 
pumping energy. Amongst the important reasons for treating water-in-oil emulsions are: scale 
accumulations, corrosion and lowering of activity of catalysts. 
Scale develops and accumulates by means of calcium sulphides precipitations. This 
accumulations takes place in heating tubes and may cause the following problems (Al-Kandari, 
1997): 
A. Reduction in heat transfer rate, which leads to more fuel consumptions and thus 
higher operating cost. 
B. Creation of "Hot Spots" in heating tubes, which reduces tubes' operational 
expected lives. 
C. Development of blockages inside tubes and thus lowering their capacities and 
efficiencies. 
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Corrosion is also considered a major operational problem caused by water-in-oil emulsions. 
Most frequent problems that salts and water cause are corroding pipelines, vessels, valves and 
malfunctioning of instrumentation parts in processing plants. Salts also have negative effects on 
the performance of catalysts. High concentration of salts contained in feed crude to cracking 
plants and hydrogen processing units lowers the catalyst activities and thus reducing the 
efficiencies of treatment plants. 
1.3 Basic DDP Layout 
Most production operations activities handle a well stream comprising of a blend of gas, 
entrained water, oil, unwanted sediment and dissolved salts. Oil desalting and dehydration 
plant's objective is mainly to remove water-soluble salts and the entrained water. Principally 
water normally contains chlorides of sodium, calcium, and magnesium. When designing a 
Desalter, its type and size are all dependent on a number of operational factors such as required 
pressure, temperature, viscosity and flow rate, as well as user specification relating to maximum 
salt amount (PTB) allowed in the product oil stream. Figure 1.1 is a Process Flow Diagram of a 
typical Desalting/Dehydration Plant showing the main equipment (TPL, 1992, used the same 
plant). 
A typical process scheme is illustrated as follows: 
1.0 Wet crude flow to wet tank. 
2.0 Demulsifier/Chemical injection. 
3.0 Crude flow to heat exchanger. 
4.0 Flow to heater. 
5.0 Wash water recycled from 2°d stage vessel. 
6.0 Flow to 1"' stage desalting mixing valve. 
7.0 Mixed fluid to 18t stage vessel. 
8.0 Flow to 2°d stage desalting mixing valve. 
9.0 Fresh water from water-water heat exchanger 
originated from wash water tank. 
10.0 Treated crude flow. 
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11.0 Effluent water from 1st stage desalter vessel to water treatment plant and/or 
disposal pit. 
12.0 BS&W Analyser. A signal to diverting Valve. 
13.0 Formation (free) water settled down at the bottom of wet tank, to water treatment 
plant and/or disposal pit. 
At point no. 1, in Figure 1.1, an emulsion comprises of water and oil flows to a wet tank. Such a 
common emulsion may contain up to 25% water cut. As per design, a typical 
Desalting/Dehydration Plant would meet acceptable crude oil specifications, that is water and 
salt of the crude must be reduced to 0.10% vol. and 5.0 PTB, respectively (TPL, 1992). In order 
to remove such large quantities of water from the oil stream a two-stage desalting system is used. 
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Figure 1.1. A typical Desalting Dehydration Plant (KOC, 1987). 
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At point no. 2, the emulsion, leaves the wet tank, where the primary water separation takes 
place. At this point, chemical/demulsifier is injected into the stream prior to feed pumps. After 
settling for a period of several hours, formation water, stream 13, flows to waste water treatment 
plant or disposed to a designated disposal pit. 
Point no. 3 shows emulsion flow from the wet tank to a heat exchanger, where heat is recovered 
from the treated crude product stream (stream no. 10). The emulsion then flows to a water-bath 
indirect heater, raising its temperature (point no. 4). Water recycled from 2nd stage vessel (stream 
no. 5) injected into the emulsion flow coming out of the heater. This system, recycling water 
from 2°d stage back to 1$` stage, proves to be an optimisation technique in which minimum fresh 
water consumption is achieved and a counter current flow is obtained in which the dispersed 
brine in the crude is contacted with fresh water streams each time. 
At the mixing valve (no. 6), recycled water and emulsion agitated by an induced shearing force. 
The operation of a mixing valve is carried out by a simple globe valve where an operator would 
set the differential pressure across the valve to be as high as possible ensuring better mixing of 
the two fluids. 
Stream no. 7 leaves the mixing valve to enter 1st stage desalter vessel. Inside the la` stage-vessel, 
an emulsion is exposed to a high voltage electrostatic field. The action of the electrostatic field 
coalesces the dispersed water phase and gravity causes the enlarged water droplets to fall and 
collect in the bottom of the vessel. Effluent water from the 1s` stage, stream no. 11, leaves the 
system to a wastewater treatment plant or the disposal pit. This effluent water contains various 
impurities and salts removed from the water-in-oil emulsion. 
Treatment of an emulsion is further enhanced in the second stage desalting vessel. Stream no. 8 
flows to a mixing valve on the entrance of the 2°d stage vessel. Still contains salt water, the 
emulsion is mixed with fresh water (steam no. 9). The differential pressure across the mixing 
valve is normally around 15 Psi. Then partially treated emulsion is introduced near the bottom of 
the 2nd stage and , once more, travels upward through an electrical voltage grids. Also, in this 
stage, water droplets are enlarged by means of high voltage electrostatic field and separated by 
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gravity. The separated water is collected at the bottom of the vessel and recycled to the first stage 
desalter (stream 5), while the treated crude flows from the top of the vessel (stream no. 10). The 
latter stream (treated) continues to pass through a BS&W analyser (Stream no. 12). If the treated 
crude is within the specification, a signal is sent to the diverting valve to open to dry tank, 
otherwise the flow is directed back to wet tank 
The application of electricity is known to be the sixth factor in the desalting and dehydration 
process (gravity settling, chemical injection, heating, wash water, and mixing). However, under 
this study, a focus will only be given to the other five factors leaving electricity for future studies 
beyond the scope of this research. Nevertheless, for the sake of completeness, a brief overview is 
given in the following paragraphs. 
Most manufacturers of DDP offer a range of desalter types, all of which are based on 
electrostatic coalescing technology. The process, simply, creates a high voltage electric field 
within a pressurized vessel. Such an electrical field causes the small water droplets, containing 
the dissolved salts, within the flow to coalesce into larger droplets, which then separate from the 
oil under gravity. The widely installed latest DDP system is called the TriVolt system (TPL, 
1992). A Tri-Volt system comprises three parallel horizontal electrode grids within the vessel, 
each electrified by its own power unit. Spacing and connection of the grids have been optimised 
to give the highest field voltage for the power units. The assembly of such electrical apparatus 
that supplies potential to the electrodes consists of a system of step-up transformers, single or 
three-phase, in which the primary side is connected to a low voltage power source (208,220, or 
440 volt) and secondary windings are so designed that induced voltage will be of the desired 
magnitude (14,16,18,20,22, or 24 Kvolts) (TPL, 1992). Such a system is used on high 
throughputs (typically in excess of 50,000 BPD) as it gives a high performance for a given 
electrode grid area, resulting in smaller pressure vessel than other technologies. 
The use of an electrostatic-field desalter is most effective whenever (Sikes, 1987): (1) difference 
in specific gravity between oil and water is greater than 0.001, (2) fluid viscosity is less than 50 
centipoises at separation temperature, and (3) electrical conductivity of the oil phase does not 
exceed 10-6mho/cm. 
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A typical emulsion characteristic is given in Table 1.1. Note that Table 1.1 was the basis for a 
certain crude oil desalting/dehydration system design (TPL, 1992). 
Table 1.1. Feed Emulsion-characteristics and design conditions. 
Crude oil Flow to desalting/dehydration 
(barrels per day (BPD)) 
50,000 
Expected (Design) formation water content 
in oil (%) 
10 
Design Reid Vapor Pressure (Psia) 10.8 
Pour Point (OC) 
Less than (-34) 
API gravity at 15 °C 31.0 
Viscosity centipoises at 21 °C 
17.0 
Average Sulfur Content (Wt %) 3.5 
Operating Temperature of plant, °C 
62.0 
Inlet Pressure to 1st stage desalter, psig 100.0 
Mixing valve pressure drop, psi 15.0 
Voltage applied, Kvolts 20.0 
Fresh water injection, % 4.0 
Chemical/Demulsifier (ppm) 20.0 
Table 1.2 shows typical values of fresh water used in a field. The formation water data is also of 
great importance in designing a desalting and dehydration system. Formation water data is 
shown in Table 1.3. 
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Table 1.2. Fresh Water Data. 
Total Dissolved Solids (TDS) ppm. 
8900 
Specific Gravity at 15 °C 
1.009 
Oxygen Content (max. ) ppm. 9.0 
pH at25°C 6.9 
Electrical Conductivity micromhos/CC 12714 
Calcium as Ca ppm. 801 
Magnesium ppm. 450 
Sodium Sulphides as NaCl, ppm. 6665 
Total Alkalinity as CaCO3, ppm. 289 
Total Iron as Fe, ppm. 0.25 
Chloride as Cl, ppm. 
4045 
Sodium as Na, ppm. 1926 
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Table 1.3 Formation Water Data. 
Specific Gravity at 15 °C 1.120-1.170 
Chlorides (ppm) 95114-114555 
Sulphate (ppm) 50-450 
Carbonate (ppm) Nil 
Bicarbonate (ppm) 
125-424 
Nitrate (ppm) Nil 
Calcium (ppm) 10685-10980 
Magnesium (ppm) 
1900-2361 
Sodium (ppm) 46671-53298 
TDS (ppm) 159260-198859 
It is worth noting here that once a DDP is put on operation, the optimisation for maximum 
performance or cost-effective begins. Monitoring crude quality, water content and solids 
produced all concurrent with planned manipulation of system parameters, will accomplish 
optimisation schemes. The optimisation process , undoubtedly, may take several months before 
reaching an optimum set of values. At a later stage of this work, we will explore the uncertainty 
of given data taking into consideration various optimisation technique. 
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Modelling and optimisation, which is the main theme of this study, helps finding the answers 
that yields the best results (i. e. attaining the highest profit and output), or just achieving the 
lowest cost for good practice in oil production. These problems, most often, involve making the 
most efficient use of the resources including money, time, machinery, staff and inventory. 
1.4 Research Objectives 
The focus of this work in the first stage is on analysing a set of existing real-life oil field data. In 
the second stage, a solution to the problem is developed as described. An outcome of optimising 
the developed solution or model has been the broad theme of this work. To elaborate, the two 
main objectives are described as follows: 
1.4.1 Analysis of the collected data. 
Raw data collected from real crude oil field is utilized in conjunction with a number of empirical 
equations for general description. This is to study the variations of five factors affecting DDP 
operations: chemical concentration (ppm), crude temperature CC), wash water flow rate ratio 
(%), mixing time (min) and settling time (min) that takes place inside a desalter vessel. A 
correlation is found using field experimental studies as a part of this project. 
Then, a model, based on MATLAB Neural Network tool box, is developed to predict the 
performance of a desalting system as a function of the above-mentioned factors. In view of the 
results, the created model is optimised with an optimisation tool box. Furthermore, the optimised 
equations are solved to simulate a desalting/dehydration process. Finally a comprehensive novel 
operating schedule for the DDP's in Kuwait production operations and refineries have been 
proposed. 
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1.4.2. Importance of optimising real-field parameters 
Field operators today are striving to increase overall desalter's performance while holding 
production cost per barrel at an acceptable levels. Desalting operations are undergoing close 
attention to evaluate their effectiveness against their cost, and thus to determine the value added 
to the overall plant performance. More often, many factors other than simply the cost of 
chemicals enter into this determination. For example, in a realistic work, the cost of production 
lost during plant upsets must also be considered. 
Because of the importance of crude quality indicators (also known as key performance 
indicators) many operators are establishing databases to track relevant information and to make 
decisions regarding which factor to alter and to what extent will it affect the DDP's performance. 
Thus, it can also be essential to use a tool that creates a plant's own performance to document, 
improve, and promote an optimum performance. Henceforth, knowing the optimal performance 
of DDP will minimize human intervention and solely acts for remedial actions to predict plant 
upsets. The optimisation will be based on the founded model previously discussed in section 
1.4.1. 
As discussed, the outcome of this research will help in lowering the cost per barrel produced. 
This covers all aspects of cost such as cost of fuel-consumption-when heating crude oil, and the 
cost of fresh water consumption-especially at dry places where water is scarce. Chemical- 
treatment also adds to the overall cost of oil production per barrel. At Kuwait Oil Company 
(KOC), for instance, the consumption of chemicals in the desalting/dehydration systems costs 
the company roughly around $200,000/month. Therefore, if a chemical consumption during the 
desalting process is minimized whilst maintaining the same performance by selecting the 
appropriate combinations of the other four factors major savings can be achieved. 
Currently, the process of a DDP is manually controlled where operators intervene in altering the 
parameters constantly. Due to the restriction of manual control of DDP, most of the operators 
have the tendency for looking at fast remedial actions and therefore tend to overdose the 
chemical treatment in order to have a better result. Long term effects of such over dosage is 
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potentially considered a burden to the DDP's overall performance. The optimised system of 
DDP developed in this present research is thus considered an important advance to improve the 
oil production operations. 
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Chapter 2 
LITERATURE REVIEW 
Currently operators, working in the oil industry are seeking ways to apply novel 
methodologies of desalting guided by the process design improvements. These 
improvements are stated by Polderman et al., 1997, in conjunction with improving both 
oil recovery (Hansen et al, 1994) and transport of crude oil (Elgibaly and Nashawi, 1997). 
A review of the most important works in areas related to the desalting process in the 
context of total oil production is given in this chapter. This review covers the following 
topics: 
2.1 Emulsion theory and characterization. 
2.2 Desalting/Dehydration process evaluation as a process of de- 
emulsification. 
2.3 Control and optimisation of DDP. 
2.4 Literature on Neural Network approach used for analysis of DDP. 
2.1 Emulsion theory and characterization. 
In the deep formations of oil reservoirs, petroleum deposits invariably contain water which 
in turn carries dissolved solids, primarily sodium chloride (Collins 1987). An important 
point here is that even though water is produced from two adjacent formations, it is not 
necessary that both formations have the same water composition. Oil formation waters 
differ also from seawater; oilfield waters generally contain much higher concentrations of 
solids than seawater. Experimental observations have shown that formation waters contain 
total solids ranging from as little as 200 ppm to saturation, which is approximately 
300,000 ppm, whereas seawater contains only about 35,000 ppm solids in total. Dissolved 
cations commonly found in oilfield waters are Na+, Ca++, and Mg+ and anions are present 
in the form of Cl"' SO4, and HCO3 (Bessler and Chlingarian, 1987). 
Geologically, large sedimentary reservoir strata are proved to have been originally formed 
in association with seas and oceans, as noted by Collins (1987), and hence the original 
associated water in such sedimentary reservoirs was of a marine type. Furthermore, 
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Collins (1987) concluded that the two general factors contributing to the differences 
between two different oilfield waters are the original composition of water and the 
interaction of that water with the reservoir rocks. 
Therefore, an emulsion is defined as two liquids, usually crude oil and formation water, 
coexist in a system in which water droplets dispersed in the oil phase (Grace, 1992). This 
author further explained the presence of emulsions in the petroleum field as a phenomena 
associated with the production procedures from oil wells. He also stated that most 
producing wells will produce water and oil simultaneously at some point in their life 
spans, either as a result of natural reservoir conditions or as an effect of secondary or 
tertiary production methods. The latter methods have been explained in brief in the 
introductory chapter of this thesis. 
Schramm (1992) explained the basic principles governing petroleum emulsions, in a very 
extensive manner which covered most aspects of the phenomenon. This author explained 
that oil field emulsions differ because their oil contents consist of a wide range of 
hydrocarbons. Such a range may have a high carbon number of more than 50 
(asphaltenes). Emulsions, then, may exhibit a wide range of viscosities and densities. It is 
also self evident that these properties will vary from an oilfield to another. Schramm 
(1992) also gave an elaborate definition, and classification of emulsions. He defined 
emulsions as a special kind of colloidal dispersion: A liquid dispersed in a continuous 
liquid phase of different composition. Colloids, in oil emulsions, are recognised as single- 
phase systems in which large molecules are dissolved in the continuous phase. As a 
whole, a water-in-oil emulsion contains oil, water, and an emulsifying agent. Those 
emulsifying agents may contain one or more of the following chemicals: surfactants, 
inorganic electrolytes, and finely divided solids or macromolecules. Such emulsifying 
agents are required in forming water/oil emulsions. This is because that they tend to form 
a protective film at water droplet surfaces that prevents coalescence with other droplets. 
The presence of such a protective film is an indicator of emulsion stability. Emulsion 
forming can occur frequently because of either sedimentation or stirring. It should also be 
noted that the stability of an emulsion is dependent on how its constituent particles interact 
when collisions between them occur. In this respect, the interfacial viscosity of a film 
plays a significant role in emulsion stability. If the interfacial viscosity is high, the final 
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stage of film drainage will be retarded promoting emulsion stability with regards to the 
kinetic of the system. 
Cavallo and Chang (1990) described a number of methods that can accelerate the 
determination of emulsion stability for both cosmetic and food-based emulsion products. 
The three methods are; pulsed Nuclear Magnetic Resonance (NMR), Differential 
Scanning Calorimetry (DSC), and Differential Thermal Calorimetry. A sub optimum 
Hydrophilic-Lipophilic balance (HLB), as noted by these authors, and a weakening of the 
interfacial film, which prevents particle interaction, might be the prime reasons behind 
instability of emulsions. In their study they showed that on ionic surfactant, which can 
change the salt concentration of the system, on condition that such a change does not make 
the product acceptable, can alter the HLB. Using NMR method, the concept described by 
these authors can be used to optimise surfactant blends. The interactions at the optimum 
HLB will be at a maximum, indicating a higher system stability. DSC, on the other hand, 
measures the extent of droplet coalescence and, therefore, the stability of the system. The 
differential thermal analysis verifies a known fact in real field desalting plants, which 
states that maximum stability coincides with the highest Phase-Inversion Temperatures 
(PITs). Therefore, in order to break down the most stable emulsions more thermal energy 
is required. 
Emulsion characteristics were further carried out by Clark and Pilehvai (1993) in which 
they used four crude oil emulsions having different viscosities. Their study revealed that 
the shear stress-shear rate behaviour of the emulsions are highly dependent on oil droplet 
size. Their results showed that oil droplet size also a dominant factor in the behaviour of 
emulsions. The authors further investigated the influence of mixing intensity and duration 
while preparing their sample emulsions and the emulsifier concentration on the resulting 
droplet size. Longer mixing times, they concluded, will result in smaller mean particle 
diameter. Droplet size reduction will continue with mixing until it reaches an equilibrium 
particle size, after which, further mixing will not change the size or size distribution. Size 
limitation depends on various parameters such as the emulsifier and its concentration, the 
intensity of mixing, and the oil viscosity. Higher temperature, they concluded, lowers 
apparent viscosity of emulsions. Higher temperatures affect Reynolds number when 
emulsions enter and flow through a pipe system. It was also found that under certain 
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conditions of emulsion properties and pipe diameter, higher temperatures can cause 
higher-pressure drops if the emulsion flow changes from a laminar regime to a transitional 
flow regime. 
Excessive shearing has also undesirable effects on emulsion stability (Kokal and Al- 
Juraid, 1999). Kokal and Al-Juraid (1999) investigated the factors that affect emulsion 
stability. In their experimental work they demonstrated that there was a clear link between 
asphaltenes and emulsion tightness. A tight emulsion is defined as a mixture in which 
water droplets are dispersed in the form of very fine droplets in the oil phase. Such a tight 
emulsion is difficult to treat or, and hence simple gravitational separation will not 
accomplish treatment such as desalting. Further treatments based on chemicals or heating 
are required to treat tight emulsions. The authors concluded that as a result of high amount 
of asphaltenes emulsions tend to be tighter in characteristics. They also summarized their 
experimental studies by stating that emulsion viscosity decreases with increasing shear 
(agitation). Other phenomena might also be apparent when emulsion stability is subjected 
to excessive alterations. One phenomenon is phase inversion, discussed in the following 
paragraph. 
The mechanism of phase inversion was studied by Groeneweg and his co-workers (1998). 
It is possible to reach a steady state in which the rate of inclusion balances the rate of 
disappearance. Inversion, in this case will not occur. The balance between break-up and 
coalescence, which favours coalescence by increasing the effective volume fraction on 
continuous stirring, governs the inversion process. 
The distribution of water droplets in a concentrated dispersion by using a stirred vessel 
was measured by Pacek and Nienow (1995). These authors cut off both ends of the 
distribution using capillary techniques with wide distributions, after extensive testing of 
different sized capillaries and entry conditions and of threshold levels. Then, observed that 
the droplets of 25 gm diameters were monitored at concentrations of 70% which can cause 
phase inversion. Using video framing rate of 50 per seconds was studied by these authors. 
At a second-by-second picture, the outcome of phase inversion for a wide range size 
distributions was observed. From their video technique, one would be able to observe 
detailed structure of a dispersion revealing differences between concentrated oil-in-water 
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and water-in-oil dispersions, that is the presence of droplets-in-drops distinguished from 
emulsion liquid drops. Enhancements were further conducted by allowing pictures of such 
dispersions to be taken at practically any point in a small vessel. They concluded that 
distinguishing between different phases in complex dispersions and production of size 
distributions is obtainable. 
Sun and Shook (1996) carried out experimental studies of inversion of heavy crude oil in 
brine emulsions. Phase inversion of emulsions found to be associated with the 
disappearance of the surfactant from the aqueous phase. Its stability also depended on the 
strength of the interfacial adsorption film. When high shear rates were applied the film 
was destroyed and some fragments were displaced back into the aqueous phase. They 
concluded that temperature increase reduces the physical strength of the interfacial 
adsorption film, favouring inversion. Sun and Shook (1996) also concluded three further 
points: 
1. Measuring the stability of emulsions can be achieved by tracing the 
surfactant concentration in the aqueous phase. 
2. Strengthening the film interfacial adsorption can be enhanced by 
more shearing rates. 
3. Stabilizing emulsion can be achieved by increasing the temperature. 
Sun and Shook (1996) showed also that cone and plate viscometer can be successfully 
used to simulate emulsion flow conditions in a pipeline. 
An investigation of the rheological characteristics of the weathered crude oil and its 
emulsions was conducted by Elgibaly and Nashawi (1997). Emulsion stability was also 
examined in terms of the system breakdown. They proposed a method of treatment with 
NaOH and oleic acid that can offer several advantages over the treatment using 
surfactants. They developed an empirical model for the prediction of the apparent 
viscosity of water/oil emulsions as a function of oil content, temperature, and shear rate. 
These authors proved that at higher shear rates, water/oil emulsions of high water 
concentrations (above 40% by volume) proved to have temperature-independent viscosity. 
This behaviour, they concluded, might occur because of type inversion from water/oil to 
water/oil/water emulsions. 
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2.2 Evaluation of desalting/Dehydration Processes. 
In the present work an extensive survey of recent studies found in literature that explain 
the development of comprehensive general frameworks for removing water from crude 
oil, which requires additional processing beyond gravitational separation has been made. 
Based on this research it is concluded that, in principle, all desalting/dehydration processes 
are based on a set of factors that are implemented according to given design specifications. 
This set of factors comprises of the following: (1) gravity settling, (2) chemical treatment, 
(3) heating, (4) less-salty water dilution, (5) mixing that shears chemical and fresh water 
injection, and (6) application of electricity. The latter factor, as we noted in the 
Introduction (Chapter 1), is the least altered parameter. Although there is a tap changer, in 
which one could change the electrical field intensity, but operationally, it is a rare case 
where one would find a change from a pre-set measure fixed in the design phase. In 
designing a treating system, Al-Gibaliy (1997) suggested several factors that should be 
considered to determine the most desirable methods of treating the crude oil to contract 
requirement. Some of the factors suggested are: 
1. Emulsion tightness. 
2. Oil and produced water characteristics; specific gravity. 
3. Produced water-scaling tendencies. 
In Schramm (1992) a study noted that there are factors that affect emulsion stability sorted 
as follows; viscosity, density differential, water percentage, age of emulsion, control of 
emulsifying agents (chemical treatment), and the agitation control. Schramm (1992) 
further noted that the success of chemical treatment methods is dependent upon the 
following: 
1. A proper selection of chemical in sufficient amounts must enter the 
emulsion. 
2. Thoroughly mixing chemicals with the emulsion is a must-condition. 
3. Fully resolving the emulsion requires further heating. 
4. Allow sufficient residence time enough to permit settling of demulsified 
water droplets. 
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Furthermore, Schramm (1992) described sampling and testing techniques that assist in 
characterizing a process stream's composition and can hence be used to evaluate the 
effectiveness of particular separation processes. 
It was Bartley (1982) who first noted the problem of heavy crudes and how their stocks 
present unique problems that require additional design consideration. Guided by Bartley's 
conclusion, Chawla (1987) explained the problem of wet crude produced in Kuwait oil 
fields and the need for desalting plants. Chawla (1987), in his paper, explained the process 
of desalting and the differences between phases of desalting and dehydration processes. 
These industrial problems were further studied by Al-Kandari (1997), who reported that 
there are several problems arising from producing wet crude oil streams. These problems 
are corrosion of pipeline, lowering the activities of catalysts, and development of scale 
along the oil route. 
Sikes (1987) explained that developing a multistage desalting system is a completely 
feasible mechanism. Fast and convenient calculation techniques for two-stage desalting 
was developed by Smith (1974). He demonstrated his calculations comparisons of crude 
oil desalting operations from economic point of view. Material balances presented by 
Smith provide a robust tool for evaluating crude types. 
In their recent desalting and dehydration installation's projects, TPL (1992) presented a 
document that could be used to evaluate desalting processes for any type of wet crude oil. 
Currently TPL installed the DDP system used in Kuwait. The data used in the present 
project are extracted from TPL plant and analysed. Axsia Corporation (1998) developed a 
different design to that of TPL leading to increase oil desalting efficiency. To reach the 
best operating conditions, Axsia suggested that there are a number of important design 
features to be considered as follows: 
1. Inlet Distributor (Vessel header): it is an essential element. It should be 
designed so as to minimize turbulence inside the vessel. 
2. The Feed Location (Inlet): If it is set to be as low that it stays within the 
water phase then an increase in turbulence of the water phase will result. A 
situation in which one would find an increase in the quantity of oil carried 
under the effluent water. 
28 
A more advanced process was developed by Alfa Laval Company (1998). In this system, a 
one-stage desalting process is used in disc-stack centrifuges that replaces high-volume 
gravity desalters. The benefits gained in this case are process simplifications turning the 
two-stage process into a single-stage process consequently, resulting in less brackish/fresh 
water consumption. AGAR Corporation (1998) developed a system consisting of 
minimum of two to a maximum of four absorption units: three located in the desalting 
vessel designated for service and one installed in the feed line. This system thought to 
have the following benefits: 
1. Oil under-carry has been significantly reduced. 
2. Monitoring of real conditions in both oil and water phases of the vessel as 
well as the crude feed line can be successfully achieved. 
3. Upsets detection is made much earlier long before their effects can be felt 
in the unit. 
Two decades ago Anon (1983) noted that the use of a static mixer could improve desalting 
efficiency. Bizanti (1989) described a BASIC program for this which to assist in the 
design of oil treating systems. Alatiqi and Gasmelseed (1987) developed a method of 
crude desalting with multistage agitated extractors. These investigations found that the 
salts are bounded to the crude by an organic film, therefore, they can be separated by 
liquid extraction in presence of specific chemicals. The exact nature of this process 
depends on the type of salt present and the properties of crude oil that should be desalted. 
In this method, temperatures varied in the range of 40-50 °C, to lower the viscosity of the 
crude oil and the surface tension, and to increase the mass transfer rate and enhance the 
flow process. 
Hano et al. (1994) studied the generation and demulsification of water/oil emulsion 
containing an aqueous alkaline solution. They established a correlating equation for 
demulsification kinetics and compared the observed and calculated demulsification rates. 
A relatively good agreement was also reported by Baranov et al. (1986) who 
recommended hydro-cyclone vessels for use in a preliminary or complete separation of 
inhomogeneous systems (water/oil emulsions). 
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Based on Amoco's research in a study to evaluate existing oil/water hydro-cyclone 
technology, Young et al. (1994) conducted a research to find an ideal hydro-cyclone 
dimensions 
. 
This research was focused on investigation of the effect of inlet size, 
cylindrical diameter, cone angel, straight section length/size of the cyclone and the rate of 
desalting process. 
Thro and Atnold (1994) developed a method for measuring water droplet size for 
improved sizing of oil treater. In this study, the prediction of a value for dm, the minimum 
droplet diameter, which must settle out, involved some uncertainty and therefore their 
attempts were to infer a value for dm from operating system's specification and design 
curves. The assumptions that they used were mainly with respect to the piping 
configurations. They basically assumed that similar piping configurations are similar 
enough to allow for water washes occur in the free water knockout and the desalter vessel. 
Under these conditions desalter could create similar drop-size distributions which are 
functions of only crude oil viscosity. This work resulted in estimation of correlations 
based on actual field data as well as data that was inferred from design curves. The 
conclusions of those investigators stated that a good design would minimize chemical 
usage. If no other data is available, the work of the authors presents an excellent general 
design procedure which includes one of the best correlations in DDP studies. This 
conclusion can be used to determine the size of the smallest water droplets that must be 
removed in order to obtain a desired BS&W concentration in oil. 
Literature review on the subject of process evaluation showed that this topic is best 
explained by Moulijn et al., 2001. In their book Moulijn and his colleagues described 
process development as a continuous interaction between experimental programs, process 
design and economic considerations. Development activities, in a large part, is concerned 
with scaling up from laboratory to full-scale industrial plant, with intermediate miniplant 
and pilot-plant stages. There are factors that should be considered when evaluating the 
technical risk of a process. These factors are: exceeding the design limits, unfamiliarity of 
the company with a particular technology, use of units that are difficult to scale up, and 
use of technically non-established equipment or unit operations. 
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To reduce the technical risk of a process, Moulijn et al. (2001) concluded that, there is a 
need to focus on research and development specifically regarding weak points, e. g. pilot 
plant testing of the problematic unit in order to find well-established alternative 
equipment, or alternative ways of the unit operation. Developing failure scenarios would 
be a second option. In this respect one would determine what can be done if problems 
should occur. 
The essential part of process evaluation is the Operating Labour Costs (OLC). These costs 
are based on an estimation of the number of operators for the process and the cost to the 
company of an operator. Operator numbers depend on the type and arrangement of the 
equipment, the number of equipment items, the amount of instrumentation and control for 
the process, and above all the company policy in establishing labor requirements. 
Supervision and other related costs are estimated then as a fraction of OLC. 
In the context of the present research, it is therefore essential to consider enhancement of 
desalting operation as a mean for: minimizing manpower to control the 
desalting/dehydration plant. This is in line with the guidelines illustrated by Moulijn et al. 
(2001). 
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2.3 Control and optimisation 
Reviewing current literature on control and optimisation of desalting plant reveals a 
number of recent articles and books, which describe control and optimisation. A review of 
current research regarding process control and the latest strategies is presented in this 
section. In the remainder of the present chapter optimisation techniques and methods 
relevant to DDP are reviewed. 
2.3.1 Multivariable Control 
A simple definition of a control system is the organization of a function for a specific 
purpose (Griskey, 2000). The function of most control systems, that change with time, are 
information processing devices that receive information, perform a task or act on it 
correspondingly and generate an output. A control system is an integrated body of various 
sections and hence it requires a system approach for analysis of correlation between its 
points. Griskey (2000) also stated that process control systems should meet three main 
requirements: 
1.0 Minimizing and regulating the influence of external disturbances; 
2.0 Guaranteeing a stable process; 
3.0 Optimising process performance. 
Generally, there are two categories of control systems that are identified (Griskey, 2000): 
servomechanisms and regulators. Control systems based on servomechanisms change an 
output variable. Regulators keep an output variable constant even if the input variable 
changes. Missile guidance or steering are some of the typical servomechanisms. On the 
other hand, most chemical or petroleum process control systems are based on regulators. 
However, one would find a chemical plant control system that resembles a 
servomechanism in a program-controlled batch process. Griskey (2000) further illustrated 
two different types of regulators: feedback and feed forward. The most widely used 
regulators are those that use feedback-control. 
In a control system, there would be a variable that we wish to control, called a controlled 
variable, which we compare with a reference value (set point). To achieve the output of 
control there is a third parameter that needs to be adjusted. This parameter is called the 
manipulated variable. Griskey (2000) detailed the operation of control by considering the 
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simple feedback control system as shown in a block diagram in Figure 2.1., which shows a 
simple heat exchanger controlled by steam flow. 
R 
ýý Gl Ml G2 M2 G3 I. 
- C 
Controller Valve and Heat 
actuator Exchanger 
B Ill 
Thermometer 
Figure 2.1. Block Diagram of a control system in a heat exchanger. 
In the above diagram, the feedback loop consists of a measuring device, the comparator, 
the controller and a final control element (Griskey, 2002). In Figure 2.1 R is the reference 
value, B is the measured value, E is the error (R-B), M is the manipulated variable 
(controller output signal M1 and the valve output M2), and C is the controlled variable. 
A structural decision in terms of the operating performance of a process plant is an 
important factor when selecting suitable sets of variables and designing interconnection 
(Kookos and Perkins, 2000). In their paper, Kookos and Perkins (2000) described an 
algorithmic method for the selection of multivariable process control. These authors 
proposed a methodology for evaluating the economic performance of any linear, time 
variant, output feedback controller and showed how to incorporate it into a general 
framework for the control of a selected process. 
In recent year, Model Predictive Control has become the leading form of advanced 
multivariable control in the chemical process industry (Dougherty and Cooper, 2002). 
Dougherty and Cooper (2002) introduced a multiple model adaptive control strategy for 
multivariable Dynamic Matrix Control (DMC). Their model combines the output of 
multiple linear DMC controllers, each with their own step response model describing 
process dynamics at a specific level of operation. The novelty of their strategy lies in the 
fact that the approach does not introduce additional computational complexity, but rather, 
depends on traditional DMC design methods. By demonstrating their study, these authors 
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described a control design simulator called "Control Station. " They utilized the simulator 
tool in a multivariable distillation column process. The distillation column has two 
measured process variables and two manipulated variables. As a conclusion they proposed 
the method to yield the following: a straightforward method to implement and use, 
requires minimal computation for updating any model parameter, and it is a reliable 
method for a broad class of process application. 
Skogestad (2003) showed how to pair variables in a control loop. This author gave an 
explanation of a systematic procedure for control structure design for complete chemical 
plants. He made the observation that using a single multivariable controller has always 
been avoided by designers, and stated that: a fundamental reason behind not using a single 
multivariable controller is the cost of modeling and tuning such a controller. In answering 
the question of what to control, Skogestad (2003) stated that we first need to control 
variables that are directly related to ensuring optimal economic operation. The main issue 
here, Skogestad elaborated, is not finding the optimal set points, but rather is to find the 
right variables that need to be kept constant. This idea forms the bases of Self-Optimizing 
control. To select the control variables for self optimizing control, one may use the 
following procedure (Skogestad, 2003): 
1.0 Define the optimal operation (cost and constraints). 
2.0 Determine degrees of freedom for optimization. 
3.0 Identify important disturbances. 
4.0 Optimize (nominally and with disturbances). 
5.0 Identify candidate controlled variables. 
6.0 Evaluate loss for alternative combinations of controlled variables. This loss 
is imposed by keeping the set points constant when there disturbances or 
error implementation. 
7.0 Evaluate and select the controlled variables. 
Process variables are normally distributed and the conventional process controls are 
limited by their achievable performance (Kano et al., 2003). Therefore, Kano et al. (2003) 
proposed external analysis in order to distinguish faults from normal changes in operating 
conditions. In their paper, these authors used independent component analysis (ICA). A 
conceptual illustration of their analysis is given in Figure 2.2. 
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Figure 2.2. An External Analysis (Kano et al., 2003) 
Based on the above research of general control system, a specific survey of the DDP 
control is given in the next section. 
2.3.2 DesaltinglDehydration Control loops and Instrumentation 
In KOC (1995) manual, a typical temperature control loop, in a desalting dehydration unit 
is depicted as given in Figure 2.3. It shows that the loop is used to control the temperature 
of the crude oil. As seen in the Figure 2.3, the oil flows through a coil pipe which is 
immersed in a heated water-bath. 
--------------------------------- ------------- TT ý 
TIC 
TE 
Td 
E_°" 
Heated 
. ........................ 
Crude In 
Fuel Gas 
TCV 
WATER-BATH 
HEATER 
Figure 2.3. A typical temperature control loop. 
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Oil temperature is measured by a temperature element (TE). A signal is sent to a 
temperature transmitter (TT) which sends it a temperature indicator controller (TIC). The 
sent signal then reaches a temperature transducer (Td). The temperature control valve 
(TCV) acts on the signal by adjusting fuel gas flow valve to the heater. The I/P, in Figure 
2.3, stands for a converter which translates the signal from a current to pneumatic, 
whereas IA means instrument air. In the above control loop, the dashed line is used to 
identify it is an electric signal where the solid line means a pneumatic signal. 
In the Desalting/Dehydration Plant described in KOC (1987) manual details of major 
control loops that monitor the process and its settings are given. Such major loops are 
important in understanding the logic control of a desalter. The major control loops are as 
follows: 
1.0 Wet Storage Tank; Feed pumps' flow control looped with level controllers. 
2.0 Feed Pumps' looped with Wash Water pumps for the Ratio setting. 
3.0 Heater: Temperature of the heated crude is looped with the fuel gas valve, 
see Figure 2.3. 
4.0 Interface or water/oil contact line control loop at the desalter vessels. 
Here, there are two major control loops. One is located at the first stage 
vessel to control effluent water to disposal, and the other is at the second 
stage controlling the flow from recycle pump back to the first stage vessel. 
5.0 BS &W Analyzer control loop. This loop is located at the outlet line of 
treated crude for an on-line Basic Sediment & Water results. This loop is to 
act on the diverting valve depending on the treated crude specification; if 
the treated crude is off specification the analyzer sends an indication to 
open the valve that flows to wet tank circulating. Otherwise, the treated 
crude will flow to dry tank for shipment. 
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2.3.3. Optimization 
Essentially, a solution for an optimisation problem involves the use of mathematical 
procedures as described in Edgar and Himmelblau (2001). Therefore to formulate an 
optimisation problem it should be through suitable mathematical expressions. Edgar and 
Himmelblau (2001) indicated that a wide variety of optimisation problems have similar 
structure. They also stated that one can make use of this structural similarity to develop a 
frame work of methodology with which any problem can be studied. In doing so, one 
should consider the following points: 
1.0 Consider the model representing the process, and then; 
2.0 Choose a suitable objective criterion to guide the decision making. 
There are three essential categories of relationships that every optimisation problem 
contain (Edgar and Himmelblau, 2001). These three categories are as follows: 
1. There is at least one objective function that needs to be optimised. 
2. Equality constraints (equations) 
3. Inequality constraints (inequalities) 
In any given problem, following the above relationships a solution for the problem can be 
sought. By definition, a feasible solution is a set of variables that satisfy equality and 
inequality constraints precisely (Edgar and Himmelblau, 2001). 
In the following chapter, detailed explanation regarding the use of the above described 
methodology for the derivation of objective function and establishing of relevant equality 
and inequality constants for a desalting plant are given. 
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2.4 Brief explanation of Neural Network Methodology and literature survey 
A neural network is defined as a software in which simple elements affecting a process are 
connectively analysed conjunctively so that their parallel optimisation is obtained 
(Demuth and Beale, 2003). The connection function used in a neural network is similar to 
human/biological nervous systems. In a human/biological nervous system information 
network function is determined by the strength of the connections between its elements. 
One can train a neural network to perform a particular function by adjusting the 
connection values (weights) between elements. In a neural network this adjustment 
is 
called training, where a set of input can lead to a pre-specified target. Figure 2.4. 
below 
shows a network adjusted by comparing an output and a pre-specified target. Such an 
operation continues till the network output matches the target. This is a supervised 
learning, where one would train a network based on given input/target pairs. 
Target 
Neural Network 
including connections Compare 
(called weights) 
Input between neurons Output J 
Adjust 
weights 
Figure 2.4. A typical Neural Network function. 
The operation of neural network training continues by adjusting weights and biased 
changes on the whole set of the input. Neural networks have been trained to solve complex 
problems in various applications. These applications cover data recognition and 
identification, information classification, data visualization and control systems (Demuth 
and Beale, 2003). In addition, one successful application of neural network is the 
modelling of non-linear systems. 
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Rumelhart et al. (1994) described basic ideas illustrating the neural network functions. 
These authors developed a strategy to derive a simplified mathematical models which are 
similar to the function of human-brain systems. This strategy, can be implemented to 
study these models in order to understand how various computational problems can be 
solved using neural network approach. Rumelhart et al. (1994) assumed that input lines 
can be summed linearly yielding an activation value for unit i at time i. This idea can be 
presented by the following equation: 
X2.1) Wij Xi + 
j 
Where w; 1 is the connection strength from unit j to unit i, /. is the unit' bias value; xf is the 
output value of unit j. A bias, A., of the unit is defined as an additional input to the 
function, it is more like a weight only that it has a constant input of 1 (MATHWORKS, 
1993). The output of the unit is typically a non-linear function and typically it is 
represented by a sigmoid (Rumelhart et al., 1994). The logistic function of such an output 
is given as: 
l+e 7'(t) 
T 
(2.2) 
Where T is a parameter of the logistic function which yields functions of different slopes. 
The performance of a system is hence optimised by minimizing the total error of the 
system. Usually a total error of a system is defined as the summation of square of the 
target minus the actual output of neural network. The function can be visualized as in 
Figure 2.5 (Rumelhart et al., 1994). 
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Figure 2.5. Neural Network function (Rumelhart et al., 1994). 
Widrow et al. (1994) gave various examples of the applications of neural networks. In 
their paper, these authors illustrated the diverse fields of applications and their 
corresponding neural networks. It is said that use of neural networks will be an essential 
routine function of life in future. 
One application of neural network was in designing multivariable controller by Ender and 
Filho (2000). These investigators proposed a control strategy that uses past and present 
process information to design the best controller and generate new control actions. In their 
work, these authors optimised the controller at each sampling time. This was achieved 
through the use of future error of a closed loop generated by a neural network model. They 
demonstrated the potential power of the controller in dealing with non-linearity of the 
process. 
Coit and Smith (1995) described a designed experiment supplemental approach used in 
two research projects that involved complex manufacturing processes. These authors used 
neural networks to optimise a number of manufacturing processes in which the quality of 
the resultant model was dictated by the training set balance. Their results showed that it is 
possible to use the same approach of neural network modelling even that experimental 
designs were different. 
Another application in the chemical industry was carried out by Dutta and Rhinehart 
(1999). In their paper, these authors demonstrated a novel approach for process control 
40 
using neural network. Their approach is to gain predictions for non-linear, multivariable 
and constrained process. Their experiment was carried out on a lab scale on a methanol- 
water distillation column for servo, regulatory and constrained control. A highlighted 
conclusion of their experiment was that of using neural network a model-based gain- 
prediction controller can be developed which provides best methods for constraint 
handling. 
Neural networks are also used as practical tools in water research. Hong et al. (2003) 
analysed a municipal wastewater treatment plant using neural network-based modelling. 
These authors addressed the problem of how to capture the complex relationships that 
exist between variables of a process leading to the diagnoses of the system. They also 
analysed the multi-dimensional process data by using neural networks. Their conclusion 
stated that using the neural network approach enables the practitioners in the waste water 
processes to describe quantitatively complex relationships between variables affecting 
fluid transport mechanisms. 
Elkamel (1998) used neural network in predicting and optimising immiscible flood 
performance in heterogeneous petroleum reservoirs. In his paper, he described 
independent dimensionless groups that characterize the flow behaviour in a heterogeneous 
medium as input to a neural network model in the prediction of oil recoveries. His model 
simulations was compared with the result obtained by a typical reservoir simulator. The 
weights in the neural network developed by Elkamel (1998) were randomly selected at the 
first stage and then an optimisation algorithm was used to select the weights that provide 
the best fit for the least quadratic system of errors. Various neural network architectures 
were tested by Elkamel (1998) who finally adapted the one that gave best output the least 
sum of squared error. Figure 2.6 shows a model that was used in Elkamel (1998). 
Elkamel (1998) also extended neural network modelling so as to cross validate existing 
data. Elgibaly and Elkamel (1998) used neural network to predict hydrate formation 
conditions for gas mixtures and inhibitors. These authors presented a comprehensive 
neural network model, which trained 2387 input-output patterns collected from reliable 
sources. Their results indicate that the developed model enables the user to accurately 
predict hydrate formation conditions for a given gas mixture. The main advantage of their 
application that it does not involve any cost for laboratory experiments. 
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Later in this thesis, the neural network approach used to analyse DDP optimisation is 
detailed. In view of the success of neural network modelling in similar problems, it was 
logical to choose this approach as a mean of analysis of data as optimisation of DDP. 
Bias Neuron 
Figure 2.6 A typical feed forward neural network (Elkamel, 1998). 
Input layer Hiddo layer Output layer 
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42 
Chapter 3 
Methodology 
This chapter is devoted to the explanation of the methodology used in the present research to develop an 
optimal system for desalting of crude oil. The reasons for choosing the used methodology are analyzed 
and detailed description of the possibilities created by the selected technique is also given. The 
developed methodology is based on the completion of the following tasks: 
(1) Data acquisition. 
(2) Analysis of the collected data. 
o Statistical analysis. 
o Identifying major and minor factors affecting DDP's performance. 
(3) Neural network approach to reach the optimal performance of a DDP. 
(4) Optimization of DDP performance. 
(5) Conclusions. 
3.1 Data acquisition. 
There are five parameters affecting DDP that can be changed alternatively to carry out a meaningful 
experimental set-up and analysis. These parameters are: crude temperature (°C), mixing time (min), 
settling time (min), chemical/demulsifier dosage (ppm), and the amount of dilution water added (%) as a 
ratio of the wet crude's quantity. 
The experimental setup requires appropriate equipment and instruments, materials and testing and 
analysing methods. The investigation apparatus is designed to be capable of generating precise 
conditions for collecting accurate data under various specified parametric conditions. 
3.1.1 Equipment and Materials 
The experimental equipment used throughout the tests was selected and brought together from various 
sources which includes Kuwait Oil Company' lab, commercial firms and Kuwait University' petroleum 
Department's laboratory. Majority of the laboratory tests were carried out in the Petroleum Department 
of Kuwait University. The list of equipment used includes the following items: 
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- Simple Water-bath heaters. 
Water-bath heater model K6 LAUDA was used. Temperature is controlled via an 
automatic knob. The bath was filled with tab water. 
-A Salt-in-Crude Analyzer. 
The model used for the present experiments is Precision Scientific Petroleum Instruments 
Company Catalogue 74700: TS-74700 AN 10. It is used as a tool to measure the amount 
of salt in crude oil in correlation with American standards testing methods (ASTM) 
procedure D3230. 
-A Centrifuge for reading Basic Sediment & Water (BS &W) or Water Cut by weight 
percentage through small differences graduated tubes. 
Model "Z 510 " Manufacturer Berthold Hermle AG, type Z 510. 
- Centrifuge tubes and stoppers. 
- 100 ml graduated cylinders. 
-A fixed-speed mixer. 
This is a multi-mixer that can hold and mix 5 samples at a time. 
- Chemical-safety gear. 
-A stopwatch. 
Materials that are tested in the present experimental study are as follows: 
1.0 Crude Oil: collected from Kuwaiti Oil field wells. Characteristics of the sample is given in 
Chapter 1, Table I. I. 
2.0 Dilution water, collected from field operation in Kuwait Oil Company. Table 1.2 in Chapter 1 
gives the characteristics of the used fresh water. 
3.0 Demulsifier. A chemical with a commercial name of Servo CC 3408. 
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3.1.2 Range of investigated variables. 
In the experimental setup, the variables being tested are divided into two groups. These groups represent 
two-point and multi-point variations. The two-point group consists of two variables; temperature (C) 
and settling time (min). The multi-point group, on the other hand, consists of three variables; injected 
chemical demulsifier dosage (ppm), fresh water addition (%), and the mixing time (min). These factors 
were varied according to the following schedule: 
Two-Point Variations group 
A. Temperature: High = 70 °C, and Low = 55 T. 
B. Settling time: High =3 min, and Low =1 min. 
Multi-Point Variations group 
A. Mixing time (min): 1,3,5,7, and 9. 
B. Chemical dosage (ppm): 1,2,5,8,10,12, and 15. 
C. Dilution water (%): 1,2,3,4,6,8, and 10. 
Table 3.1 shows the above variables, their descriptions, nomenclature and the values used in this study. 
Table 3.1. Process variables 
Variable Description Nomenclature Values 
Temperature of the Temp. X1 55-70 
outlet crude CC) 
Settling Time 
Settling X2 1-3 
(minutes) 
Mixing Time 
Mixing X3 1-3-5-7-9 
(minutes) 
Chemical addition 
ppm X4 1-2-5-8-10-12-15 
in ppm 
Fresh Water 
Dilution X5 1-2-3-4-6-8-10 
addition Ration (%) 
45 
In realistic DDP processes the temperature and settling time remain mainly constant and are usually 
considered as invariant factors. This is because that the settling time is determined in the early stages of 
design and manufacturing of desalting/dehydration plants. Therefore any manufacturer builds a DDP 
based on given customer's preferences and hence the settling time associated with a design is almost 
fixed. The feed pump flow rate, however, is a major factor that contributes to variations of settling time 
and can be changed daily. Therefore in the current work change in settling time is assumed possible as 
the focus has been on the high and low values of the settling time. It should be noted that the values of 
settling time and temperature used in this study were selected on the basis of real field experience. A 
screening field-study conducted in the early stages of this work revealed the range of values of 
temperature and settling time for four different Desalting/Dehydration processes that are operating in 
Kuwait Oil Company. Table 3.2 below shows the average values being used in the day-to-day 
operations from TPL (1992) and Kuwait Oil Company (KOC) records. TPL is a company that has 
designed desalting and dehydration plants used in KOC. 
Table 3.2. Average values of Temperature and settling time. 
Factors 
System Construction 
Phases: 
Desalting/Dehydration 
Temperature (C) Settling Time (min) 
Winter Summer At High Flow Rate 
At Low Flow 
Rate 
Phase I 70.0 55.0 1.0 2.0 
Phase II 
. 
70.0 60.0 1.0 4.0 
Phase III 70.0 50.0 2.0 3.0 
Phase IV 70.0 55.0 1.0 3.0 
From the above table, the temperature and settling time are carefully selected so as meeting the overall 
design parameters used in the real field operations. Hence, the values that are selected for high and low 
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temperatures are 70 °C and 55 °C, respectively. Similarly, the high and low values of settling time 
were chosen to be 3.0 minutes and 1.0 minutes, respectively. Values chosen for multi-point variations 
group also represent magnitudes that are actually encountered in a real DDP system. 
3.1.3 Testing methods 
Initially, the sample is analysed and tested for salt content (PTB) and water cut (W/C). This initial test is 
recorded in a sheet. The tests were carried out according to the following procedure: 
Salt-In-Crude Test 
Using Precision Salt-In-Crude analyzer described earlier, and after standardizing and calibrating the 
equipment, the initial and final samples were tested based on their conductivity in a polar type solvent 
when subjected to an alternating electrical current. 
Generally, the salt-in-crude test was conducted according to KOC Gas Laboratory Procedure (KOC, 
1998). This procedure consists of the following steps: 
1) A sample of 90 ml of Xylene and mixed alcohol solvent is placed in 100 ml a test beaker. 
2) An electrode is put in the test beaker. 
3) Calibration switch is turned to Low position 
4) Switch is pressed to the read position: 
a) If the current (in milli-Amperes) reads a number, i. e. 20, allocate the result to 
variable X. 
b) If the current (in milli-Amperes) reads off scale, i. e. too high, go back to step 
3 and turn calibration to High position. Record X. 
5) 10 ml of crude oil is added to the beaker. 
6) A well mixed fluid is obtained by shaking the beaker. 
7) The mixture is allowed to stand for about five minutes. 
8) About 100 ml of the above mixture is put into a test beaker. 
9) An electrode is put in the test beaker. 
10) Calibration switch is turned to Low position. 
11) Switch pressed to Read position. Record the milli-amps (mAmps): 
a) If mAmps. Reading is too high switch to High position. If there is a reading multiply 
Calibration Curve Salt Result by 100. Record the mAmps as Y. 
b) If mAmps. Reads high on the High position, go back to step 5 and, reduce the volume of 
crude sample to 5 ml. This time the mAmps. reading is multiplied by 2. Allocate the 
reading to variable Y. 
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c) If reading is still too high, go back to step 5 and reduce volume of oil sample to 1 ml. 
This time the mAmps. reading is multiplied by 10. Allocate the reading to variable Y. 
12) Subtract X from Y. Name the resulted number as Z. 
Check mAmpere reading (Z) with the calibration curves (Table 3.3 for High mAmps. 
Readings and Table 3.4 for the Low mAmps. readings). 
Water/Cut testing method 
Initial and final samples were tested for water cut in every single experiment. A Model Z 510, Bethold 
Hermle AG centrifuge is used for this purpose. The basic principle here is to rotate sample tubes in a 
circular motion at a very rapid rate. A force well above gravity is exerted on the particles and then the 
heavier constituents of the tube, such as water and sediment which have higher mass and have a greater 
tendency to break away from the axis of rotation than the lighter oil particles. Hence, the heavier 
particles become concentrated at the tips of the whirling tubes. 
Water Cut test is carried out as follows (KOC, 1995): 
1) Exactly 50 ml of industrial 90 benzene (ASTM Specification D 837) or Xylene, is put 
into each centrifuge tube. 
2) Exactly 50 ml of the oil to be tested is added to the centrifuge tube. 
3) Two or three drops of a demulsifying agent (chemical/Demulsifier) is also added. 
4) The centrifuge tubes are tightly stoppered and maintained at 50 °C, immersed therein in a 
bath heater to the 100-m1 mark for 10 minutes. 
5) The centrifuge tubes are shaken vigorously for 10 seconds and then placed in their 
respective trunnion cups and balanced against each other. These are placed on opposite 
sides of the head and whirled for 5 minutes at a rate of about 1200 rpm. 
6) The combined volume of water and sediment at the bottom of each tube is read and 
recorded, reading to the nearest graduation mark from 0.0 to 1.5 ml on the pear-shaped 
tube and from 0.0 to 2.0 ml on the cone-shaped tube. Readings above the 1.5 and 2.0 ml 
graduations should be estimated to a precision of 0.1 ml. 
If tubes of graduated in 100 ml are used for the determination of salt content, the sum of the final 
volumes of BS&W obtained in each tube is recorded. This sum is reported as the percentage of Basic 
Sediment and Water (BS&W). Table 3.5 shows the obtained results of the centrifuge tests. 
Table 3.3. Calibration Curvc (HIGH) 
ANALYSER Salt ANALYSER Salt 
READING Pounds per READING Pounds per 
mAmp 1000 barrels mAmp 1000 barrels 
0.100 13.0 0.340 59.0 
0.110 14.0 0.350 61.0 
0.120 16.0 0.360 63.0 
0.130 18.0 0.370 65.0 
0.140 20.0 0.380 66.0 
0.150 22.0 0.390 68.0 
0.160 24.0 0.400 70.0 
0.170 26.0 0.410 72.0 
0.180 28.0 0.420 74.0 
0.190 30.0 0.430 76.0 
0.200 32.0 0.440 77.0 
0.210 34.0 0.450 80.0 
0.220 36.0 0.460 81.0 
0.230 38.0 0.470 83.0 
0.240 40.0 0.480 86.0 
0.250 42.0 0.490 89.0 
1 
0.260 43.0 0.500 90.0 
0.270 45.0 0.510 91.0 
0.280 47.0 0.520 94.0 
0.290 49.0 0.530 95.0 
0.300 51.0 0.540 97.0 
0.310 53.0 0.550 99.0 
0.320 55.0 0.560 100.0 
0.330 57.0 
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Table 3.4. Calibration Curve (LOW) 
ANALYSER Salt ANALYSER Salt 
READING Pounds per READING Pounds per 
mAmp 1000 barrels mAmp 1000 barrels 
0.0100 1.1 0.0460 5.2 
0.0110 1.2 0.0470 5.3 
0.0120 1.3 0.0480 5.4 
0.0130 1.4 0.0490 5.5 
0.0140 1.5 0.0500 5.6 
0.0150 1.6 0.0510 5.8 
0.0160 1.8 0.0520 5.9 
0.0170 1.9 0.0530 6.0 
0.0180 2.0 0.0540 6.1 
0.0190 2.1 0.0550 6.2 
0.0200 2.2 0.0560 6.3 
0.0210 2.3 0.0570 6.4 
0.0220 2.4 0.0580 6.6 
0.0230 2.5 0.0590 6.7 
0.0240 2.6 0.0600 6.8 
0.0250 2.8 0.0610 6.9 
0.0260 2.9 0.0620 7.0 
0.0270 3.0 0.0630 7.1 
0.0280 3.1 0.0640 7.2 
0.0290 3.2 0.0650 7.3 
0.0300 3.3 0.0660 7.5 
0.0310 3.5 0.0670 7.6 
0.0320 3.6 0.0680 7.7 
0.0330 3.7 0.0690 7.8 
0.0340 3.8 0.0700 7.9 
0.0350 3.9 0.0710 8.0 
0.0360 4.0 0.0720 8.1 
0.0370 4.1 0.0730 8.3 
0.0380 4.2 0.0740 8.4 
0.0390 4.4 0.0750 8.5 
0.0400 4.5 0.0760 8.6 
0.0410 4.6 0.0770 8.7 
0.0420 4.7 0.0780 8.8 
0.0430 4.8 0.0790 8.9 
L 
0.0440 5.0 0.0800 9.0 
0.0450 5.1 
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Table 3.5. Estimating BS&W for a 100-m1 cone-shaped tube. 
Volume of BS&W (ml) Read to Nearest (ml) 
0.0-0.2 0.025 
0.2-1.0 0.05 
> 1.0 0.10 
The following block diagram explains the steps followed in carrying out one cycle of the described 
experiment (Figure 3.1). For the first cycle below, fresh water added at 1% in step (1). Chemical 
demulsifier is then added in the next step at a rate of 1 ppm. The mixture is subsequently heated in a 
water bath heater at 55 °C for 10 min. The heated mixture is then mixed in a mixer for 1 min. The beaker 
that contained the mixture was next poured into a 100 ml centrifuge tube and rotated for 1 min at 1000 
rpm. The final step in completing one cycle is to use a syringe to suck out the top crude volume in the 
centrifuge or sample tube and test it for the final salt result (S/R) and water cut (W/C). The reason for 
using the top part of the contents of sample tube is that in realistic operational processes the treated 
crude after mixing and heating flows upwardly to the top of the desalting vessel. Therefore, the water 
remaining at the lower part of the sample tube does not represent the real situation and is not 
investigated here. 
dilution water (%) Add demulsifier (ppm) Heat it (°C) 
2 30 
Mix it minutes) 
4 
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SIR and W/C tests Let it settle (minutes) 
Figure 3.1 A typical cycle of the experiment. 
The order of the variation of process factors, shown in Figure 3.1, thus follows a pattern similar to real 
processes. To maintain similarities between experiments and realistic situation has been an important 
objective of this study. In a real process, an emulsion introduced into the system is subjected to chemical 
demulsifier injection followed by fresh water dilution. The mixture (emulsion, fresh water, and the 
chemical) is then heated to a certain temperature and the whole sample is mixed for a specified period of 
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time. The blend, at the final stage, enters a vessel where settlement takes place for a period of time 
allowing water and salt to be drained off. The process of drainage at the final stage produces dry or 
treated crude oil samples. These samples are used to carry out the present tests and perform analyses of 
Salt Result (S/R) and Water Cut (W/C). 
Sample volumes. 
In each cycle of the experiment, a sample of crude oil which is to be tested is taken in a tube of 
graduated cylinder of about 100 ml volume. Following this, according to a previously set of values, 
fresh water and chemical demulsifier are added to the sample. Crude oil, fresh water, and demulsifier are 
then heated and mixed for a certain time. The mixture is then taken to a centrifuge and is rotated for a 
certain time to obtain settling. From the top of the centrifuge tube a sample of dry crude, regarded as 
treated, is withdrawn by a mieromilli-liter syringe and transferred to a test beaker. Salt Result test was 
conducted on a portion of the collected dry crude having a volume of about 10 ml. Then, 50 ml of the 
sample is transferred to a centrifuge for W/C test. 
The sample volumes of crude were collected from real field processes (whose characteristics is given in 
Table 1.1 Chapter 1). Fresh water is also collected form the Brackish Water sources used in real 
processes. The following table is used in calculating the total sum of volumes used (Table 3.6). Note that 
the Chemical dosage (ppm) was calculated separately as each three drops of injected liquid has 
equivalently 1 ppm demulsifier. 
Table 3.6. Volume of crude oil Samples used in the experiment 
Dilution water (%) 1.0 2.0 3.0 4.0 6.0 8.0 10.0 
Crude volume 
ml 
99.0 98.0 97.0 96.0 94.0 92.0 90.0 
The experimental design considered in this study can be used to evaluate the effects of five different 
factors. It is also possible to consider cases in which each factor is set at a different level. All possible 
combinations of levels of variables are included, so that there are 7x7x5x2x2= 980 possible sets of 
experiments based on 980 possible samples. 
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3.2 Analysis of the collected data 
After the conclusion of the experimental study aimed at investigating the effects of parameters that 
affect a desalter unit, the focus is switched to finding optimum combination of the factors that play a 
significant role in the efficiency of DDP units. In this section, statistical approaches used to analyse the 
collected data are described. 
The role of statistical analysis of the data in an optimisation problem is best described by Montgomery 
et al. (2000). The following steps are prominent in finding a solution to the problem of how to increase 
DDP efficiencyy. 
1.0 Developing a concise and clear description of the problem. 
2.0 Identifying important factors that play an effective role in the described problem. 
3.0 Collection of data and information analysis aimed at developing a model for solution 
method. 
4.0 Refining the model based on the observed analysis. 
The first point has been described in detail in discussing the objective of present research (see Chapter 
1). The second point, nonetheless, is the subject of this section. Detailed list of the collected data set is 
given in Appendix A of this thesis. 
As mentioned before the total number of samples used here is 980. In each sample there is a change of 
one variable, out of five variables which potentially affect DDP system's performance and efficiency. 
The entire experimental set is given in Table 3.1 in terms of various variables, starting at a temperature 
of 55 °C, settling time of 1 minute, mixing time of 1 minute, chemical concentration of 1 ppm and 
dilution of 1% of the total volume of the experimental sample. Figures 3.2 and 3.3 show graphs of the 
final salt content and the final water cut (%), respectively, plotted against the number (or index) of the 
experimental samples. 
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Figure 3.3 Final Water Cut (%) vs. Samples numbers. 
Initially, to maintain simplicity of the analysis the total of 980 samples was divided into two sets of 
quarters. Each quarter containing 245 sample points. Therefore, the data shown in the above two graphs 
are segregated into eight sub charts. Each sub chart represents the data that was taken for an interval of 
245 samples. This is because that the raw data was originally divided into four segments for each output 
(i. e. Salt Results were collected at four segments: T at 55 °C represents two points with respect to 
settling times of 1 minute and 3 minutes, and similarly T at 70 °C for settling times of I and 3 minutes. 
The final results for water cut were also treated in the same manner). 
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Salinity Sub-Charts. 
Figure 3.4. illustrates experimentally found salt content for the first quarter of sample points, keeping the 
temperature and settling time constant at 55 °C and 1 minute, respectively. 
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Figures 3.5-3.7 show the salt content plotted against the remaining three quarters of samples. The water 
cut results were also analysed in terms of its variations with respect to simultaneous changes made in the 
f ve variables. Figures 3.8-3.11 illustrate the trends for water cut output when plotted against each 
quarter of sample points. 
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3.2.1 Statistical Analysis. 
Traditionally, statistical analysis of collected sample data from DDP units has been mainly based on 
finding the best fits for each data sample set and optimal coefficient of regression. This is the most 
commonly used technique and therefore in this project efforts were made to utilize this method. 
The coefficient of Regression, R2, measures the quality of a curve fit. In this respect, for a set of data 
points, a good fit or undetermined R2 may vary from the value of 0% to a perfect fit of 100%. Larger 
numbers of R2, however, does not necessarily mean that the related fit is acceptable (Montgomery et al. 
2000). This is because that in some cases it is possible to fit some insignificant variables that have 
contributed disproportionably to influence R2 of a fit. In this case, the coefficient of regression, even 
though high, may yield poor predictions of new observations. 
Due to the complex interactions between variables that affect crude oil samples studied here, none of the 
above graphs is linear. Therefore, the graphs were statistically analysed as non-linear functions 
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represented by high degree polynomials. Other possibilities, such as logarithmic and exponential 
functions were also tried but none of them generated an optimal coefficient of Regression (R2). 
The R2 of the obtained fits was not the only indicator in determining the behaviour of the functions in 
the figures illustrated above. An important factor to consider was the shape of scattered data points. As 
mentioned before after experimenting with several different fits, polynomials were used. This choice 
proved to be more successful in describing most segments of the data samples. In the following table 
(Table 3.7) a list of polynomials obtained for the sample data are given. Note that X, in the polynomial 
equations represents the sample number (index). In this Table, graph numbers 3.4-to-3.7, i. e. index of 
samples, or X, represents a unique spot-reading in a given interval. Y is the function shown in the graphs 
(here it represents the salt content in Figures 3.4-to-3.7 and water cut (%) in Figures 3.8-to-3.11). 
Table 3.7. Best fit-Equations and R2 from data shown in Figures 3.4. -to-3.11 
Graph (temnditions perature 
Equation found Rz No. 
and S=Settlin) 
(Polynomial of order 6) 
T=55 Y= 2E-11X6 - 2E-08X5 + 5E-06X4 -0 0006X3 + 3.4 S=1 . 0.0352X2 - 0.9427X + 59.519 
95% 
T=55 Y= 3E-12X6 - 2E-09X5 + 5E-07X4 - 7E-05X3 + 3.5 S=3 0.0044X2 - 0.2377X + 25.8 
64% 
6 3 T=70 Y 1E-11X6 - 8E-09X5 + 2E-06X4 - 0.0003X3 + 55% . S =I 0.0184X2 - 0.5124X + 38.225 
T=70 Y =1E-11X6 -1E-08X5 + 3E-06X4 -0 0005X3 + 3.7 S=3 . 0.035330 - 1.0678X + 30.067 
° 79 /o 
3.8 
T=55 
S =1 
Y =1E-12X6 -1E-09X5 + 3E-07X4 - 4E-05X3 + 43% 0.0027X2 - 0.0718X + 5.5304 
r55 Y= 2E-12X6 -1E-09X5 + 4E-07X4 - 7E-05X3 + 3.9 S=3 0.0055X2 - 0.2272X + 5.9241 
32/ 
70 Y= 7E-13X6 - 6E-10X + 2E-07X4 - 3E-05X3 + 3.10 S 0.0019X2 - 0.0783X + 4.5667 73% 
11 3 T=70 Y= 5E-12X6 - 3E-09X5 + 9E-07X4 - 0.0001X3 + . S= 3 0.0065X2 - 0.1407X+3.3447 
63% 
As shown in Table 3.7, the regression coefficients found for the best fit for the present data are not 
accurate enough to be used in a meaningful modelling and prediction of DDP performance. Therefore, 
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other means of statistical analysis besides coefficient of regression are utilized to obtain empirical 
trends of the collected data. Investigation of available techniques showed that a method based on 
Factorial analysis offers the best meaningful interpretation for the data in the present project. 
Factorial analyses allow for the simultaneous study of the effects that several conjunctive factors may 
have on a process. In the present work, varying the levels of the factors simultaneously rather than one at 
a time provides an efficient method of data analysis in terms of time and cost as well as allowing for the 
study of interactions between the factors. A point of interest in the factorial analysis is the factors- 
interactions, which is of paramount importance in the determination of the performance efficiency of 
DDP processes. 
Here, in using the factorial analysis, the factors are again defined as the five variables of temperature, 
settling, mixing, rate of demulsifier injection and volume of dilution water. The response is the final salt 
content taken from sample analyses. Factorial analysis then detects the important interactions based on 
combining the values of variables and their corresponding response. An interaction is defined as the 
change in response generated by a change in the level of the combined factors. The higher the value of 
interaction the more likely that a combination produces a significant effect. When the difference in 
response between the levels of one factor is not the same at all levels of other factors, it is considered as 
an interaction between the factors. Mathematically in factorial method an interaction is calculated by 
dividing the sum of squares of the combination of factors by the degree of freedom of that combination. 
In this project, the factorial analysis is used to facilitate obtaining interaction plots of the factors with 
respect to their corresponding responses, with respect to final salt content and water cut of the oil sample 
on the final result. Factorial analysis is also utilized here to generate estimated effects of each individual 
factor. 
Manual factorial analysis and corresponding interactions in a multivariable system is a cumbersome and 
difficult task. Therefore, a software called MINITAB that provides a program for factorial analysis is 
used in this research. This has proven to be an efficient and accurate way of analysing the collected 
experimental data. 
The factorial analysis is based on the following procedure: 
1.0 Introducing a Table of variables and their responses (here the variables are the five parameters 
under study, i. e. temperature, settling, mixing, chemical and dilution water. Their responses are 
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the values of salt content that corresponds to a sample number. Water cut is also considered a 
response but in a separate run of experiment). 
2.0 Each individual variable of the collected data has several levels of change, or factors. 
3.0 A group of individual factors is considered a single combination. 
The program is then run and generated two outputs: interaction plots and a report of estimated effects of 
factors. Figures 3.12 and Figure 3.13 show plots of the interactions of the main variables with the final 
salt content and water cut, respectively. 
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Figure 3.12 An interaction plot relating the five variables with respect to final salt content. 
63 
Figure 3.12 shows the salt content curves in response to changes of the variables. In this figure, the 
legends show the factors and their corresponding levels of variation. For instance, the temperature has 
two levels, 55 °C and 70 T. The y-axis of the plot represents the Salt content in PTB. The x-axis 
represents the factor level at an organized sequential manner. Points on each curve represent the levels 
of the x-axis, whereas the number of the curve lines correspond to the factor written on that axis. For 
example, reading from top left, second small plot shows the Salt content curves at two temperatures and 
two settling times. Reading from the top right hand side of the plot the salt content curves as subjected to 
wash water and temperature are quantified. 
To illustrate Figure 3.12, two sections were chosen for further explanations. These are shown as boxes A 
and B in the above Figure. In box A, the two lines represent the salt content curves at two different 
settling times corresponding to 1 minute (the black curve) and at 3 minutes (the red curve), respectively. 
There are 5 points on each curve which correspond to the mixing times. The box B illustrates the salt 
content variations with respect to mixing times and demulsifier dosages in ppm. In box B, there are 7 
curves corresponding to different demulsifier dosages in conjunction with only 5 points on each curve. 
These points represent the mixing times in minutes. 
The method of presentation of results used in Figure 3.12 and the following Figure of 3.13 provides 
concise and clear means for illustrating variations of salt content and water cut with respect to all 5 
variables in a single tabulated graph. 
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Figure 3.13 An interaction plot relating the five variables with respect to final water cut (%). 
Figure 3.13 shows the water cut plots against each factor. From the section A of Figure 3.13 a 
conclusion can be drawn that at a mixing rate of 5 minutes and wash water of 8% the water cut reaches 
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Miring 
B 
Chemical/ 
deowlsifer 
A 
Wash water 
the optimal point. Also from marked section B, the optimal point of lowest water cut is found to appear 
when chemical injection is at a rate of 12 ppm and mixing at 5 minutes. 
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From the above interaction-plots, it can be seen that the removal of salt content and water cut 
generally increases when the temperature and settling time values approach the maximum range. The 
mixing rate has also shown a better removal at an optimal rate of 5 minutes. 
3.2.2 Identifying Major and Minor factors. 
in order to identify major variables and minor ones, we used the interaction scheme obtained from the 
described Factorial analysis. In such a analysis, all variables are taken as input to generate a tabulated 
chart showing the effects of each factor on a pre-specified response. Table 3.9 presents the five variables 
and their effects on the salt content removal. 
In Table 3.8, the effects corresponding to the significant interaction for each factor are given. The 
coefficients, sum error coefficient (SE Coef. ) and the T-value (defined as the effect value divided by 
sum squared of effect) are also given in Table 3.8. However, the latter terms are of pure statistical nature 
and have little value in the study of realistic cases. The P-value corresponds to the smallest level of 
significance that would make an interaction physically noticeable is also given in Table 3.8. The 
specified level of significance in the MINITAB program, which is the maximum value that was 
allocated to an interaction was manually entered as 0.05. If the P-value in the Table is below the level of 
significance (0.05), it means that the corresponding term is of a high importance in considering the 
effects of an interaction. 
In Table 3.8, there are two important terms to consider in defining the significant interactions. These 
terms are the Effect and the P value corresponding to it. If the Effect is high and positive and its 
corresponding P value is below 0.05 (Level of significance), the term is considered of a positive effect 
on the response which is the salt content removal. 
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Table 3.8. The variable's estimated Effects and Coefficients with respect to Salt content removal. 
Term Effect Coef SE Coef T P 
Constant 22.287 0.1256 177.47 0.000 
Temp 0.522 0.261 0.1256 2.08 0.038 
Settling -11.996 -5.998 0.1256 -47.76 0.000 
Mixing -16.627 -8.313 0.1776 -46.81 0.000 
Chemical -1.443 -0.721 0.1822 -3.96 0.000 
Wash Water -5.506 -2.753 0.1817 -15.16 0.000 
Temp*Settling -1.318 -0.659 0.1256 -5.25 0.000 
Temp*Mixing 5.220 2.610 0.1776 14.70 0.000 
Temp*Chemical 0.495 0.247 0.1822 1.36 0.175 
Temp*Wash Water -0.142 -0.071 0.1817 -0.39 0.697 
Settling*Mixing 6.735 3.367 0.1776 18.96 0.000 
Settling*Chemical 0.151 0.075 0.1822 0.41 0.679 
Settling*Wash Water 1.012 0.506 0.1817 2.79 0.005 
Mixing*Chemica1 0.795 0.398 0.2576 1.54 0.123 
Mixing*Wash Water 1.438 0.719 0.2569 2.80 0.005 
Chemical*Wash Water 1.364 0.682 0.2635 2.59 0.010 
Temp*Settling*Mixing -7.572 -3.786 0.1776 -21.32 0.000 
Temp*Settling*Chemical -2.015 -1.008 0.1822 -5.53 0.000 
Temp*Mixing*Chemical -0.760 -0.380 0.2576 -1.47 0.141 
Temp*Settling*Wash Water 0.713 0.356 0.1817 1.96 0.050 
Temp*Mixing*Wash Water 0.202 0.101 0.2569 0.39 0.694 
Temp*Chemical*Wash Water -0.312 -0.156 0.2635 -0.59 0.554 
Settling*Mixing*Chemical 0.191 0.095 0.2576 0.37 0.712 
Settling*Mixing*Wash Water 0.051 0.025 0.2569 0.10 0.921 
Settling*Chemical*Wash Water -0.722 -0.361 0.2635 -1.37 0.171 
Mixing*Chemical*Wash Water 0.006 0.003 0.3727 0.01 0.994 
Temp *Sett1ing*Mixing*Chemica1 0.230 0.115 0.2576 0.45 0.656 
Temp*Settling*Mixing*Wash Water 0.861 0.431 0.2569 1.68 0.094 
Temp*Settling*Chemical*Wash Water 0.182 0.091 0.2635 0.35 0.729 
*Mixing*Chemical*Wash Water mp 
rje 0.014 0.007 0.3727 0.02. 0.985 
ttling*Mixing*Chemical*WW 0.403 0.201 0.3727 0.54 0.589 
Temp*Settling*Mixing*Chemical* WW 0.002 0.001 0.3727 0.00 0.998 
From a statistical point of view, there are two conditions that must exist in order to consider a 
combination of factors significant: first the P-value should be lower than the confidence level of 0.05. 
Secondly, the effect term should be positive and higher than the rest of all terms. Therefore, analysis of 
the data given in Table 3.8 makes it clear that the most important effects are those of temperature and 
mixing and settling and mixing. These are shown as shaded cells in Table 3.8. 
Identification of the most important factors influencing salinity output achieved in the present work has 
provided a significant step forward and has made it possible to develop an optimization schedule for 
DDP processes. Further investigations of the interactions in terms of probability plots will be illustrated 
in the next chapter. Statistical analysis of the variables is given in Table 3.9. 
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Table3.9. Statistics of the variables and the outputs. 
ti i bl V i Statistics Descr p on a e ar 
Minimum Max Mean Median Standard deviation 
Temperature, °C x1 55.000 70.000 62.500 62.500 7.504 
Settling time, min x2 1.000 3.000 2.000 2.000 1.001 
Mixing time, min x3 1.000 9.000 5.000 5.000 2.830 
Chemical, ppm x4 1.000 15.000 7.571 8.000 4.809 
Dilution Water, % x5 1.000 10.000 4.857 4.000 3.045 
Salt Removal Efficiency, % 111 38.000 93.400 75.129 78.820 11.579 
Water Removal Efficiency, % t12 7.140 94.380 58.964 61.270 16.042 
The above Table is utilized to formulate and develop a strategy for the solution of the problems of 
quantification and enhancement of salt removal efficiency in petroleum production. 
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33 Neural Network Approach 
As already described the effects of multivariate factors influencing DDP performance can only be 
described by highly non-linear relations. Therefore, tools available for the analysis of non-linear 
phenomena was investigated in the present research. One of the most powerful tools available for this 
purpose is the Neural Network approach. The Neural Network has a unique ability in providing 
solutions for non-linear problems. Additionally, considering the difficulty of using other methods the 
Neural Network approach provides a fast technique for mapping of the input data to a desired output. 
Another advantage of this approach is that there are many powerful Neural Networks analysis tools 
available as commercial packages. In the present work Neural Network toolbox provided by MATLAB 
software is used. 
Artificial Neural Network approach has been used in oil/chemical industry quite recently. Yet, it is 
regarded as a very powerful tool for a wide range of applications in these industries. This has been 
demonstrated by many publications in this area in literature for example see Widrow et al. (1994), 
Elkamel (1997), Ender and Filho (2000), Elkamel et al. (2000) and Sharma et al. (2003). In practical 
cases, process control optimizations have been by far the most popular area of neural network 
applications in chemical engineering (Baughman and Liu, 1995). 
3.3.1. The Architecture of Artificial Neural Network 
By training neural networks a sufficiently accurate model which can give reliable description of 
nonlinear phenomena can be developed. In particular when model equations are not known clearly or the 
state of a system is of partially quantified (Ender and Filho, 2000). The Neural network mechanism 
allows taking into account in an adequate manner processing of non-lineartics as well as variable 
interactions for complex systems. One special form is a multilayered feed forward neural network, 
described as a connecting model which relates system's parameters and performs a mapping from an 
input space to an output domain. A multilayered network consists of extensive interconnected 
processing-elements arranged in a layered structure. The connection strength is a characteristic of the 
assigned weight of parameters in multilayered system. Input neurons are connected to the output 
neurons through layers of hidden points or nodes. An activation function in each neuron is responsible 
for processing the information. If a nonlinear activation function is used in the hidden nodes, the 
mapping also becomes nonlinear. 
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A back propagation, by definition, is the manner in which a gradient descent algorithm forces the 
network weights along the negative gradient when computing non-linear multilayered networks. Back 
propagation in Neural Network model can be achieved through generalization of Widrow-Hoff learning 
rule (Demuth and Beale, 2003). Such a learning rule can be activated with MATLAB software used 
in 
the present work. 
The important elements of a neural network are displayed in Table 3.10. 
Table. 3.10. Neural Network nomenclature 
Term Description 
Weight (w) A parameter that multiplies the strength of an input (parameter). 
Bias (b) A shifted amount to a function by a constant (parameter). 
Transfer function (Purelin, Log-sig 
An equation: its input is the sum of the weighted input (w*p) 
and/or Tan-sig moidal). 
A Combination of the weights, summing and multiplication 
A layer 
operation of w*p, the biases, and the transfer function. 
From the above table, some of the Transfer functions are defined as follows: 
1.0 Purelin: Linear transfer function: Purelin (n+b). 
2.0 Logsig: Log sigmoid transfer function. 
Its equation: Logsig(n, b)=1/(1+expt{°+býý. 
3.0 Tansig: Hyperbolic tangent sigmoid transfer function. 
Its equation: n= 2/(1+exp^(-2n)) -1 
The above transfer functions apply their equations to all elements of the net input matrix N and Baises, 
B. 
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The following figure displays an example of a propagation feed forward network. 
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Figure 3.14 An example of a Back propagation Neural Network (Ulmer II et al., 1998). 
The constituents of the architecture of a frequently used feed forward Neural Network have a dominant 
ability to approach complex functions in a back propagated manner. It is inevitable, therefore, that the 
greatest benefits from the Neural Network will come from Back-propagation technique. 
The actual mechanism of Neural Network using Back propagation algorithm is to minimize an error 
function by adjusting the weights. In the general scheme, using the Neural Network with a Back 
propagation comprises of the following steps: 
1.0 Assembling of the data for training, input and output. 
2.0 Developing the feed forward neural network to be used in the present work. 
71 
1.0 Assembling of the data for training. 
The collected data from the experiments is utilized as an input to the Neural Network. The input 
group contains the following variables: temperatures, settling times, mixing times, chemical 
ppm, and the dilution wash water (%). First we have to scale those variables so they range from 0 
to 1. This is because the transfer functions that are being used are reading data bounded between 
0 and 1. The following table illustrates the scaling of the variables. 
Table 3.11. Scaling the variables 
Variable 
Scaled Value 
(Variable-Low)/(High-Low) 
Temperature (X1) (X1-55)/(70-55) 
Settling Time (X2) (X2-1)/(3-1) 
Mixing Time (X3) (X3-1)/(9-1) 
Chemical ppm (X4) (X4-1)/(15-1) 
Dilution Water (X5) (X5-1)/(10-1) 
Salt Removal Efficiency (ill) (rt1-38)/(93.4-38) 
Water Cut Removal efficiency (i2) (i12-7.14)/(94.38-7.14) 
An input vector is introduced to the network as P= [X1; X2; X3; X4; X5], and a target output as T; 
containing once TI I and in another network as 712. 
2.0 Developing the feed forward neural network to be used in the present work. 
Generally feed forward network has one or more hidden layers of sigmoid neurons followed by an 
output layer of linear neuron. Hidden layers are inside the network and isolated from the outer space of 
the network; their task is to pass outputs calculated in sigmoid functions to the output layers. An overall 
network layout is a multiple of layers of neurons with non-linear transfer functions, which allow the 
network to learn non-linear and linear relationships between inputs and output vectors. The output layer, 
usually linear in feed forward, allows the network to produce vectors outside the range of -1 to +1. 
In designing our network, the first step is to create the network object. The object, however, requires 
four inputs: 
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A. An input of size R by 2 matrix of minimum and maximum values (Scaling). 
B. The size of each layer. 
C. An input of a cell array that contains the names of the transfer functions to be used in 
each layer. 
D. Last input contains the synopsis of the training function to be used. 
Figure 3.15 depicts the architecture of the subject network. In this figure, there are two layers with 10 
neurons in first hidden layer and the one neuron on the output layer. The first layer contains neurons of 
the log-Sig functions and the output layer has a linear function; its synopsis in NN (MATLAB) as 
purel in. 
X1 
X2 
x3 
x4 
X6 
A hidden layer: 10 neurons of 
Lo geig functions: }1 
An output layer: 1 neuron of 
linear function : f2 - 
Figure 3.15. The architecture of Neural Network designed for the problem under study. 
Levenberg-Marquardt Algorithm 
The training of the neural network in the present work uses the Levenberg-Marquardt (LM-algorithm). 
This algorithm properly provides the fastest method for training a moderate-size feed forward neural 
network (less than several hundred weights). It also has a very efficient MATLAB implementation, 
since the solution of the matrix equation is a built-in function. The typical performance function that is 
used for training feed forward neural networks is the mean sum of squares of the network errors. As 
Biases Bias 
W1(S1R) ' W2(S2R) 
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each input is applied to the network, the network output is compared with the target. The error is 
calculated as the difference between the target output and the network output. This function, F, is 
written as follows (Demuth and Beale, 2003): 
E (ei)2 =1 (ti _ ai)2 
l3. il 
F= aase =1 KTZ h 
i=1 i=1 
where mse is the mean sum squares, e; is the error calculated in each run, t; and a; are the target and 
network output values, respectively. 
As it is the case that the performance function has the form of a sum of squares, then the Hessian matrix 
(the second derivatives of the performance index at the current values of the weights and biases) is 
approximated using LM-algorithm as follows: 
H=ýITj (3.2) 
Where J is the Jacobian matrix that contains first derivatives of the network errors with respect to the 
Weights and biases. 
The gradient is calculated as 
g-JTe (3.3) 
Where e is the vector of network errors. The Levenberg-Marquardt algorithm uses this approximation to 
the Hessian matrix through the following Newton-Raphson update: 
xk+1= Ik-1JTJ+ILL1 
1JTe (3.4) 
The term Xk is a vector of current weights and biases and the term }' represents a scalar of 0. The term 
µ decreases after each successful step (reduction in performance function) and is increased only when a 
tentative step would increase the performance function. By doing so, the performance function will 
always be reduced at each iteration of the algorithm. 
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The network weights and biases are being updated through back propagation in the direction 
in which the performance function decreases most rapidly (i. e. the direction of negative gradient). For 
example, one iteration of this algorithm can be written as follows: 
(3.5) 
10 +1 ^ Xiz-a1ý 
Where 9k is the current gradient and 
(xk is the learning rate. 
3.3.2 Development of the present Neural Network model 
The network used for this problem is a 5-10-1-1, which means 5 Inputs, 10 hidden neuron, one output 
layer and 1 output. This network uses 10 log-sig neurons in the hidden layer and a linear neuron in the 
output layer. This network is trained until the square of error is less than 0.001. A MATLAB program is 
written to solve the problem. Figure 3.16 displays the flow chart of the written MATLAB program (salt 
removal efficiency). In Figure 3.16, an epoch is an entire pass through all the input training vectors. 
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Open: 
Main Processing NN file: Salt. m 
- Enter: 
1.0 Max. Epochs displayed. 
2.0 No. Layers. 
3.0 No. neurons in hidden. 
4.0 Functions desired. 
* Call data file. 
*Scaling variables. 
*Initialising. 
*Training. 
Storage NN data file 
P, w, b1 
Open File calculator 
" Simulation. 
" Calculation 
Errors and R2 
Ili 
calculated 
Figure 3.16. A flow chart of the MATLAB program (salt efficiency). 
The water cut efficiency, 112, is simulated, trained and then calculated using a flow chart similar to the 
one shown in Figure 3.16 for salt removal efficiency. These alterations in the use of different input 
values in the 6th column in the raw data sheet fed to the program. 
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The process of NN simulation is summoned by the following equation: 
s 
Zf- W, *. x, +b, 
(3.6) 
i=1 
Where 7 is a multiplier of each neuron, %; are the inputs, w; j are the weights and bb are the biases. Note 
that i corresponds to the Input number (i = 1,... 5) and j corresponds to the neuron number (j = 1, ..., 
10). 
The above equation is used in finding the output of each function, yj, as follows: 
(3.7) 
[yj 
I+ C_ZJ 
Finally, in order to calculate the efficiency, the following equation is used: 
io 
111=ZWw* yj+b (3.8) 
J=I 
Figures 3.17 through Figure 3.20 show the comparison of the calculated efficiencies and experimentally 
found efficiency values. 
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Tables 3.12 and 3.13 show the founded weights from the developed Neural Network. 
Table 3.12. Values of the coefficients for the developed Neural Network for the salinity removal 
efficiency, i 1(N = 10). The output b=0.5680. 
Wi; 
1 2 3 4 5 W b" 
1 -0.3649 0.6261 0.6619 -1.6585 -0.8701 -1.7754 -1.0339 
2 -16.4476 21.7982 17.7557 -0.2862 -0.2911 0.6295 -19.0561 
3 9.9274 -3.2623 -1.2261 1.6667 0.8298 -1.3262 3.8152 
4 13.0171 -15.6896 -1.6276 1.7922 -1.9393 0.5107 4.9272 
5 14.2679 -15.6836 4.1782 -4.2521 -0.2568 0.3581 -1.5015 
6 -16.7338 5.9115 27.5771 -1.0073 -0.6603 0.2427 4.1578 
7 2.7306 0.6334 0.9704 2.6834 -0.5160 -0.7702 -5.8444 
8 4.0636 0.8834 -7.4665 0.6168 -0.5398 0.6483 2.4913 
9 -13.4166 3.8960 -6.7808 0.9911 -0.6788 -0.7232 -1.1622 
10 -17.0826 31.5332 25.6608 -0.4068 -0.0401 0.8203 -7.6614 
Table 3.13. Values of the coefficients for the developed Neural Network for the water cut removal 
efficiency, 112 (N=10). The output b= -29.5007. 
Wij 
PFI: 2 3 4 5 W1 b" 
57.8399 -37.8245 1.6499 0.6470 -114.9217 -0.0450 4.9306 
2 -75.5316 97.7409 -0.6224 97.5666 -0.2354 -0.0746 -98.0610 
3 1.9722 15.4335 8.3666 -4.6111 0.4599 0.4721 2.1478 
4 -0.2723 4.2787 2.6119 0.9692 11.2059 0.1592 -1.9898 
5 -13.3886 3.2986 -1.7262 -2.0086 -7.0436 -0.7255 -1.8554 
6 -5.9312 -0.4313 5.7040 0.4133 -0.3373 -1.3465 -0.7546 
7 10.8192 -1.4554 -8.6790 -1.2185 0.6247 -1.1935 2.1469 
8 -2.0850 39.9036 -55.2503 1.3679 -1.9279 0.5743 1.2892 
9 0.1085 -5.1302 8.1380 0.8460 0.6417 0.6362 -0.1401 
10 F 1.0268 0.5706 -0.4960 27.7472 -0.3003 30.1943 5.3375 
82 
3.4 Optimisation 
The developed artificial neural network in section 3.3 is used to optimise the operation of the DDP plant. 
An objective function that consists of the variables of DDP is used in conjunction with the prepared 
neural network within an optimisation model. The optimisation model used is based on a MATLAB 
toolbox. The variables over which the optimisation is carried out are subjected to constraints to ensure 
that maximum and minimum bounds are adhered to. 
The optimisation technique of the physical process based on a NN model is basically to replace the 
model equations by an equivalent NN, and use this NN to carry the required optimisation. This is 
considered an advantage because of the high speed of such processing with a neural network involves 
only limited number of algebraic computations. 
3.4.1. Setting the bounds 
The optimum operating conditions are taken using the developed neural network. A single objective 
function used in optimizing the plant performance variables of. temperature (Temp), settling time (Settl), 
mixing time (Mix), chemical dosage (ppm), and wash water dilution ratio (WW). Operationally a 
desirable minimization would involve reducing heating (Temp), chemical injection (ppm), and dilution 
water ratio (WW). On the other hand, both settling time (Settl) and mixing intensity (Mix) are favoured 
to become maximum. Therefore, a decision is made to use a composite objective function as given 
below: 
in 
Tip+Sett1+Mix+PPM+WW 
Tempu Settl u Mau ppMu u 
(3.9) 
Where U is the upper bound of each variable. The different terms, in the above equation, are scaled by 
their upper bounds so that their dimensionless values are all between 0 and 1. The weighting factors are 
preferable in order to quantify the importance of a factor over another. In the optimal solution 
, onstraints are used so as to limit the range of variables. The variables are given upper and lower bounds 
which reflect either the range of the training data sets (found in NN outcome) or are bound on the 
consideration of their respective operational set. For instance, the upper limit of Temperature 
corresponds to the requirement of specific rate of crude boiling and evaporation of its volatile elements. 
The lower limit of Temperature, however, is restricted by the requirement of electrical transformers 
startup and corresponds to a minimum specified by design. For the Settling time, a lower limit must be 
fixed to avoid crude flowing out in the disposal water stream. In addition, if the feed flow rate to DDP is 
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low, the presence of a high water interface between stages may become inevitable. As a result, the 
process will be unstable leading to an inefficient operation. An upper limit is therefore imposed to avoid 
treated crude and brine carry-over. Similarly, limits must be imposed on chemical demulsifier, ppm 
dosage. A demulsifier injection cannot be raised above a certain value due to phase inversion 
phenomenon. The upper value depends on the characteristics of crude processed for feed treatment as 
well as the feed water concentration. On the other hand, a lower bound should also be imposed on 
demulsifier injection rate because too much reduction can cause an increase of emulsion dispersion. This 
creates a water-crude contact region where the water droplets experience the coalescing and falling in 
both the wet tank and desalter vessels. Equality constraints are also imposed to indicate that some of the 
variables are fixed. For instance, the mixing time (Mix) is usually known as a factor fixed by design. 
The described model is considered a non-linear-constrained optimisation problem that can be presented 
as: 
S 
Minimize EX 
iW j (3.10) j=1 
Subject to: gj (W) =0j =1,..., N+1 (3.11) 
gj (W) <_ 0j=N+2,..., M (3.12) 
The Wj are the weights found from section 3.3 and the gj's represent the equality and inequality 
constraints of the model. Given the optimization model described by equations (3.10), (3.11), and (3.12), 
a program was created using MATLAB optimization toolbox. The program input is the desired set of 
upper and lower bounds. A set of initial guess is made for the variable values, then utilizing the program 
in the MATLAB optimisation toolbox pre-determined efficiencies were called from the previous 
simulation of NN. A term g is used in the program so as to account for the additional constraint. This is 
because an efficiency value is less than unity but since two efficiencies are added in the program their 
sum must be less than 2. 
84 
The spectrum of the optimization solution covers a two-mode DDP operation: summer at which the 
ambient temperature reaches over 55 °C and winter where the ambient temperature drops just below 0 
°C. The upper and lower bounds were imposed on the variables according to the minimum and 
maximum values given in Table 3.14. 
Table 3.14. Upper and lower bounds of variables. 
riables/Modes V 
Summer Winter 
a 
Lower Upper Lower Upper 
X19 0C 50 65 55 70 
X2, min 1 2 1 3 
X3, min 3 7 5 10 
X4, ppm 2 5 5 10 
X5, % 3 6 4 8 
3.4.2 Solution to the problem 
The optimization study showed a comparison of the NN recommended optimum set of variables 
obtained from the simulated network and those values which were entered manually considering both 
Summer and Winter modes. The results of the optimization are shown in Table 3.15. The optimization 
solution discussed above were run several times with different starting guesses for the decision (input) 
variables. The reported values given in Tables 3.15 represent the optimum set which a DDP process 
exhibits its best performance. There is no guarantee, however, that these optimum solutions are 
applicable to all types of emulsion treatment. Further research studies on emulsion characteristics should 
be used in order to find a solution covering other types of emulsions. 
85 
Table 3.15. Optimum set of variables. 
Variables/Methods NN Optimization Summer Winter 
X1, °C 69.99 61.00 69.99 
X2, min 2.87 2.99 2.86 
X3, min 5.17 5.59 5.10 
X4, ppm 8.07 8.00 7.99 
X5 (%) 5.56 5.49 5.50 
3,5 Conclusions 
In this chapter, the developed NN model which is used to optimize the operation of the DDP is 
described. The optimization procedure for finding the optimum set points in the steady state phase is 
also explained. The algorithm for determining the optimal operating conditions was 
based on the NN 
model. The optimization was carried out by applying the Levenberg-Marquardt algorithm method, 
which is a practical path approach for this type of problem. The method proved to be very efficient. 
All 
bounds and constrained conditions were satisfied when the objective function converged to the optimal 
solution. 
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Chapter 4 
Results and Discussion 
The experimental data that was obtained and analyzed has been tested to cover a wide 
range of parameters. Practically, the real-field DDP has always been operated at values 
that fall within the experimental data set used in the present work. To summarize, the 
range of these variables are as follows: 
1. Temperature of the heating process set at a range between 55 °C and 65 T. 
2. Settling times in minutes fall in the range of 1 minute in vessels to a maximum of 
3 minutes. 
3. Mixing impact found to be in an average of 5 minutes. 
4. Chemical injection shows the best results in the range of 10 to 12 ppm. 
5. Dilution water, or injection of less-salty water into the emulsion stream, has an 
optimum value of 4%. 
Note that the above values are specific in the treatment of the type of crude that given in 
Table 1.1 (Chapter 1), which has the formation water's characteristics displayed in Table 
1.3 (Chapter 1). Nonetheless, a majority of crude oil desalting systems in most oil fields 
operate in the above-specified ranges. 
4.1 Statistical discussion: Interaction effects of the variables 
Table 3.8 in Chapter 3 indicates a factorial fit of the five variables and their combined 
effects on the salinity. These results show that there are two main variables that have 
significant effects on the crude salinity; they are the interactions of temperature/mixing 
and the settling/mixing. A normal probability plot of these effects is shown in Figure 4.1. 
This figure shows clearly that the main effects of settling/mixing and temperature/mixing 
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interactions are significant. Furthermore they have positive values, which indicate a 
positive influence on the efficiency of reduction of salinity. This is because in a normal 
probability plot against effects at any point that falls far from the line of best fit has a 
great influence on interactions (Montgomery et. al., 2000). In addition, Figure 4.1 also 
shows another interaction that falls far from the line of best fit. This represents the 
combination of three factors: temperature, settling and mixing. However this combination 
has a negative value which indicate a decrease in the efficiency of reducing salinity. The 
other variables, i. e. wash water, settling and mixing, are of no significance because 
although they have negative values they appear as a single parameter effect which is of 
no relevance in a multifactor control system such as desalting process. 
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Figure 4.1 A normal probability plot of effects from the experimental data set. 
88 
4.2 Neural Network (NN) generated optimal solutions 
The statistical evaluation of the trained NN models for predicting the salinity removal 
efficiency, ill, and the water removal efficiency, 112, are presented in the Table 4.1. This 
Table was simulated using an error goal of 0.001. The results of the fit noticeably 
converge to a good presentation of the data. Therefore, the equations developed in 
Section 3.3. (Chapter 3) are shown to be appropriate for describing the behavior of the 
DDP process with a large degree of confidence. 
Table 4.1. Statistical evaluation of NN models. 
Output/Statistics Average Error Maximum Error Minimum Error RZ 
111 1.60 10.64 0.00037 98.21 % 
112 6.60 147.58 0.00062 92.40 % 
The optimal values of the variables, that was generated during the optimization studies in 
section 3.4, show reasonable indications not just because they fall into the range of the 
raw data for NN but they also provide quantitative guide for developing an optimum 
schedule for practical field desalting operations. In the following sections the effects 
interactions of variables supporting the optimal set modeled by neural network are shown 
and discussed. 
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4.2.1 Effects of the process variables on the efficiency of the plant 
Figures 4.2 through 4.11 illustrate the salinity removal efficiency, III, plots versus 
dilution water ratio. These figure are generated for a fixed temperature of 55 °C whilst 
changing the settling time and the mixing rates. The first five figures display the behavior 
of salt removal efficiency for a fixed value of settling time of 1 minute. The study here is 
to investigate the effect of mixing rate on iii under three different amounts of demulsifier 
dosage of 5,10 and 15 ppm. 
Figure 4.2 shows that, at the beginning of water injection, the salt removal efficiency is 
increasing at lower chemical dosage (5 ppm). At the same graph the salt removal 
efficiency decreases when the chemical dosage starts at a higher level of 15 ppm. This 
can be explained as emulsified water with crude oil has an emulsion characteristics of 
fine dispersed water droplets. Only at moderate chemical injection rates (5-10 ppm) with 
low mixing rates would the demulsifier act onto the film surrounding the water droplets 
breaking it and hence improving the efficiency. However, it is within the range of 1% to 
3% of that this explanation is valid at an increased water dilution significant 
improvement in efficiency is achieved. 
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Figure 4.2 The Ti, lSalinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 1 minute and mixing at 
the rate of 1 minute. 
Figure 4.3 shows an opposite phenomenon to the previous case. Under the selected 
conditions, any increase in chemical dosage leads to a better efficiency. This is due to the 
relatively high mixing rate. Nonetheless, at a chemical injection of 15 ppm, the 
efficiency shows an average increase whereas at the other chemical injections salinity 
removal efficiency displays a reduction at the beginning of dilution water injection. This 
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reduction in removal efficiency is due to lower addition of dilution water with respect to 
insufficient amounts of demulsifier dosage, i. e. 5 and 10 ppm. 
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Figure 4.3. The ill, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 1 minute and mixing at 
the rate of 3 minutes. 
Figure 4.4. illustrates a deteriorating salinity removal efficiency. This is due to the high 
rate of mixing. Under high mixing rates with excessive chemical dosage, the water-in-oil 
(W/O) emulsion is probably undergoing a phase inversion; a phenomenon which is 
explained thoroughly by Groeneweg et al, 1998, and referred to with literature survey of 
this thesis. This author shows that phase inversion of emulsions may occur when they are 
subjected to high shear rates with the addition of extra dispersed phase during stirring. 
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Figure 4.4. The TI I, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 1 minute and mixing at 
the rate of 5 minutes. 
Figure 4.5 depicts the salinity removal efficiency under conditions similar to the previous 
one but with a higher mixing rate of 7 minutes. Here the salt removal efficiency rises to a 
high peak at dilution water of 8%. At a higher demulsifier injection rate of 15 ppm, the 
salt removal efficiency drops drastically after the dilution water exceeds 8% of volume. 
This steep drop is also explained in terms of higher applied shear rate (mixing) which 
results in smaller-sized water droplets. Smaller the water droplets it is more difficult to 
separate the phases. 
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Figure 4.5. The tai, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 1 minute and mixing at 
the rate of 7 minutes. 
Figure 4.6 shows the salinity removal efficiency at the highest mixing rate of 9 minutes 
used in this research. As expected, at moderate chemical dosage (5 to 10 ppm) the 
demulsifier is well distributed and has maximum effects on film surrounding water 
droplets and can subsequently improve the efficiency of salt removal. At a higher 
chemical dosage rate of 15 ppm, the removal efficiency shows no improvement and in 
fact there is no response with respect to dilution water increase. This is because, at a 
higher mixing rate and high chemical injection, the brine that carries salt crystals will be 
washed out as a product and quality of oil will improve from the start of process. 
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Figure 4.6. The ii 1, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 1 minute and mixing at 
the rate of 9 minutes. 
Figures 4.7 through 4.11 display the salinity removal efficiency plots against dilution 
water at a temperature of 55 °C with an increase of settling time to 3 minutes. Figure 4.7 
shows that an optimal point of efficiency occurs at dilution ratio of 4% under chemical 
injection of 10 ppm. At 5 ppm, however, the salinity slowly increases as we increase the 
dilution water. 
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Figure 4.7. The TI1, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 3 minutes and mixing at 
the rate of 1 minute. 
Figure 4.8 shows the salinity removal efficiency at the same condition as in the previous 
figure but with a slight increase in mixing rate, 3 minutes. The 5 ppm supercedes the 
other as we increase the dilution rate. Nonetheless, the 10 ppm line reaches a point of 
intersection with the 5 ppm at the end of the experiment. 
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Figure 4.8. The q i, salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 3 minutes and mixing at 
the rate of 3 minutes. 
Figures 4.9 through 4.11 display the same behavior with increasing salinity removal 
efficiency as the dilution water increases. In Figure 4.9 the mixing rate is at 5 minutes 
improving the salinity removal efficiency at a demulsifier dosage of 5 ppm. This is 
relative to the other demulsifier dosages (10 and 15 ppm) only when the dilution water 
ratio reaches maximum. 
97 
90.00 
88.00 
86.00 
c m 
84.00 
82.00 
80.00 
N 
78.00 
76.00 
1.00 3.00 5.00 7.00 9.00 11.00 
Dilution Water, % 
Figure 4.9. The 711, salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 3 minutes and mixing at 
the rate of 5 minutes. 
Figure 4.10 shows the salinity removal efficiency at a mixing rate of 7 minutes. Again, 
the curve of salinity removal efficiency at 5 ppm is higher than the other curves at 
demulsifier dosages of 10 and 15 ppm. From experimental perspectives, it is realized that 
at moderate demulsifer dosages, i. e. 5 and 10 ppm, the salinity removal efficiency shows 
an improvement caused by sufficient amounts of demulsifier with respect to an increase 
in dilution water ratio (%). It can also be seen from Figure 4.10 that at an overdosing of 
demulsifier (15 ppm) the salinity removal efficiency follows a slight increase by only 5% 
improvement. 
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Figure 4.10. The rI, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 3 minutes and mixing at 
the rate of 7 minutes. 
Figure 4.11 shows the salinity removal efficiency at the highest mixing rate of 9 minutes. 
The salinity removal efficiency curve at 15 ppm shows no response to the increase of 
dilution water from the point of 4% dilution water and higher. Also, the 10 ppm curve of 
salinity removal efficiency reaches a no response to adding more dilution water after 8% 
of dilution water. 
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Figure 4.11. The ri,, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=55 °C, settling time= 3 minutes and mixing at 
the rate of 9 minutes. 
Figures 4.12 through 4.14 depict salinity removal efficiency's behavior at temperature of 
70 T. At low settling time of 1 minute and mixing rate of 3 minutes, Figure 4.12 shows 
an improvement of salinity with chemical injections of 5 ppm and 10 ppm respectively. 
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Figure 4.12. The ill, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=70 °C, settling time= 1 minute and mixing at 
the rate of 3 minutes. 
As we increase the mixing rate, Figure 4.13, the 10 ppm salinity removal efficiency 
increases sharply up to a dilution water ratio of 3%, then it tends to fluctuate as we move 
to higher dilution rate. 
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Figure 4.13. The ill, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=70 °C, settling time= 1 minute and mixing at 
the rate of 7 minutes. 
Figure 4.14 shows the removal efficiency when the extreme conditions take place; 
temperature of 70 °C, settling of 3 minutes and mixing rate of 9 minutes. Here, all three 
lines of salinities reach a peak at a dilution rate of 4%. Then, they deteriorate as water is 
added. It is realized that at higher temperatures, the output of treated emulsion tends to 
carry with it melted salt crystals, and thus efficiency decreases. 
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Figure 4.14. The ill, Salinity removal efficiency vs. Dilution water at different chemical 
injections (ppm). Fixed parameters are T=70 °C, settling time= 3 minutes and mixing at 
the rate of 9 minutes. 
Responses shown in the previous graphs in this chapter show a clear indication for the 
complexity of the problem investigated in this thesis. All these graphs demonstrate the 
nonlinear nature of interactions between the variables and the efficiencies of a DDP 
process. Therefore, it is not possible to give a clear physical interpretation of all sections 
of the graphs as behavior of the system. 
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In Figures 4.15 to 4.20, both efficiencies, salinity removal and water cut removal (111 and 
T12 respectively), are presented at different water dilution ratios. Note that S/R and W/C 
shown in the graphs are the salt result and the water cut, respectively. The overall 
illustration of the figures shows a dominant salinity removal efficiency over that of the 
water cut. It has been found that small entrained percentage of water is always present 
with the output of DDP. This is due to small entrained water being carried over with the 
treated crude. Salts are normally present in the form of crystals where they can be easily 
washed out with the dilution water and hence giving the salinity a dominance overlay. 
Figure 4.15 shows both efficiencies under temperature of 55 °C, settling time of 1 minute 
and mixing of 5 minutes. The figure shows a peak on both efficiencies at 4% dilution 
water. The water cut efficiency goes into a more straight line afterwards; an impression 
of no effects of dilution water under the present circumstances. 
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Figure 4.15. Removal efficiencies T11,712: Salt Result (S/R) and Water Cut (W/C) 
removal efficiencies vs. Dilution water at the following fixed parameters: T=55 °C, 
settling time= 1 minute and mixing at the rate of 5 minutes and demulsifier (ppm) = 15. 
Figure 4.16 illustrates the removal efficiencies when put under an increase of settling 
time. An increase in settling time will usually lead to an obvious improvement in water 
cut efficiency. As we tend to give more time for settlement the coalescence of water droplets improve leading to better results in the efficiencies. It is also shown in Figure 
CID 
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4.16 that the increase in water cut removal efficiency starts from 44% to 63%. This is 
considered an improvement in the water cut efficiency over that of salinity removal 
efficiency, which increases only by an amount of 5% under the subject conditions. 
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Figure 4.16. Removal efficiencies 111, T12: Salt Result (S/R) and Water Cut (W/C) 
removal efficiencies vs. Dilution water at the following fixed parameters: T=55 °C, 
settling time= 3 minutes and mixing at the rate of 9 minutes and chemical injections 
(ppm) = 10. 
Figure 4.17 displays the removal efficiencies when the chemical is increased at a settling 
time of 3 minutes. Here, the demulsifier affects the water cut efficiency increasingly. This 
because at a higher settling time water droplets coalesce and fall faster under high 
demulsifier dosage and hence improving the water cut removal efficiency. 
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The difference between Figure 4.16 and Figure 4.17 is the increase in demulsifier dosage 
from 10 ppm (Figure 4.16) to 15 ppm in Figure 4.17. 
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Figure 4.17. Removal efficiencies 111,112: Salt Result (S/R) and Water Cut (W/C) 
removal efficiencies vs. Dilution water at the following fixed parameters: T=55 °C, 
settling time= 3 minutes and mixing at the rate of 9 minutes and chemical injections 
(ppm) = 15. 
When the temperature is increased to 70 °C with settling time of 1 minute and mixing of 
5 minutes, Figure 4.18 shows both removal efficiencies at a chemical injection of 15 
ppm. The graph shows a water cut removal efficiency increase compared to the salinity at 
4% dilution water. The same behavior was also noticed by Dhuldhoya et al., 1998. In 
106 
their article, the authors showed that at higher rate demulsifiers, water cut decreases 
sharply up to a point where it tends to show reflections afterwards. 
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Figure 4.18. Removal efficiencies 111,112: Salt Result (S/R) and Water Cut (W/C) 
removal efficiencies vs. Dilution water at the following fixed parameters: T=70 °C, 
settling time= 1 minute and mixing at the rate of 5 minutes and chemical (ppm) = 15. 
Figure 4.19 depicts the removal efficiencies at a temperature of 70 °C but an increase of 
settling time and mixing rate. The chemical injection in this Figure was decreased to 10 
ppm. Again, the salinity efficiency comes back to a dominance of well performance. This 
is to due to higher mixing rate at moderate chemical injections. Figure 4.16, previously 
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mentioned, shows the same salinity removal efficiency improvement of 5%. However, 
comparatively, Figure 4.19 illustrates similar salinity removal efficiency only that it starts 
at higher value of 90-95% efficiency. This is due to the effect of temperature increase. 
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Figure 4.19. Removal efficiencies T11,12: Salt Result (S/R) and Water Cut (W/C) 
removal efficiencies vs. Dilution water at the following fixed parameters: T=70 °C, 
settling time= 3 minutes and mixing at the rate of 9 minutes and chemical injections 
(ppm) = 10. 
Figure 4.20 shows the removal efficiencies at the extreme conditions; temperature of 70 
°C, settling time of 3 minutes, mixing at 9 minutes and the chemical injected at the rate of 
15 ppm. At such an increase in chemical dosage, the water cut efficiency expectedly 
decreases due to tight emulsion being formed and no further chemical injections could 
resolve it. Such a situation usually left for settlement to treat as long as a tight emulsion is 
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present indicated by a layer of dispersion band between oil and water. 
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Figure 4.20. Removal efficiencies 111,12: Salt Result (S/R) and Water Cut (W/C) 
removal efficiencies vs. Dilution water at the following fixed parameters: T=70 °C, 
settling time= 3 minutes and mixing at the rate of 9 minutes and chemical injections 
(ppm) = 15. 
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4.2.2 General discussion 
As the dilution water injection increases, the removal efficiency of S/R is improving 
crossing the removal water cut efficiency at 3% water injection rate and then steeping up 
as the water rate is increased. The water cut efficiency, however, deteriorates as the water 
injection rate increases. This is due to a phenomenon known in the petroleum field as the 
"reverse emulsion' incident. It appears that as the continuous phase, being oil here, gets 
more diluted, a higher dissolving rate of salt crystalline is reached thus improving salt 
removal efficiency but increasing the water phase. 
To improve the efficiency of water cut, the wash water injection must be operated at the 
optimum point. Beyond that point, experience has shown that excessive water may 
deteriorate the pH range of the water volume as a whole. pH ranges above or below 7.0 
may cause severe problems in emulsion breaking and precipitation of hydrocarbon solids 
(e. g. naphthalene) into the water continuous phase [Agar Corporation (1998)]. Elgibaly 
and Nashawi (1997) stated that at lower values of pH (3-10) of emulsion, surfactantants 
dissolve readily in the oil phase forming stable water-in-oil (W/O) emulsions. In contrast, 
as the pH values are higher (11-13), Elgibaly and Nashawi (1997) also noted that 
surfactantants dissolve in the aqueous phase, creating stable oil-in-water (O/W) 
emulsions. 
When explaining the idea of dilution water injection, Stokes's equation (1.1) becomes 
practically a tool of efficiency measurement. In this case, dilution maximizes the density 
difference between water drops and the oil phase. The dilution mechanism is also used to 
minimize the viscosity of the oil phase, thus improving the overall efficiency of a 
desalting/dehydration process. 
When applying chemical/demulsifiers into an emulsion, the S/R removal efficiency 
improves higher than the water cut removal efficiency. This is not always the case. 
Nevertheless, it is assumed that chemical demulsifiers act to neutralize the effect of the 
emulsifying agents, freeing more water drops from the surrounding interfacial film. 
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It is noted here that chemical/demulsifier application is usually done in practice by a trial 
and error basis; the operator injects a certain quantity of chemical, sees the effect on 
efficiencies, and then adjusts the quantity injected accordingly. Typically, chemical 
demulsifiers are surface-active agents and thus their excessive use can decrease the 
surface tension of water droplets and actually create more stable emulsions, which are 
difficult to treat. The crude sample in this set of experiments has a low W/C (2%) and 
thus considered hard to treat. The reasons for a noticeable decrease in both efficiencies 
are owed to the following points: 
1) Droplets that are finely dispersed (found at low W/C emulsion) find it hard 
to coalesce compared to closer-located droplets. 
2) The emulsifying agents, which are present at the water-oil interface, are 
more concentrated when the water cut is low. 
Therefore, for low water cut, the efficiencies of S/R and W/C tend to decrease as the 
chemical dosage increases. It is also found that high W/C emulsion tend to follow the 
same pattern of low efficiencies after excessive use of chemical demulsifiers. The 
decrease in W/C is mainly due to the development of a stable emulsion that is hard to 
treat by just the chemical application alone. 
Heating is another important factor used in the desalting/dehydration process. When an 
emulsion is subjected to an increase in temperature, the rise of temperature will increase 
thermal motions to enhance the collision rate. As the temperature increases the viscosity 
(including interfacial viscosity) will be reduced and thus increasing the likelihood of 
water-drops coalescence. The data shown on all Figures cover all the range of 
temperatures used in practical fields, from 50-70 °C. 
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Chapter 5 
Conclusions and Recommendations for Future Work 
Water associated with oil production can cause considerable operational problems. The 
removal of water can only be accomplished by using a Desalting/Dehydration Plant (DDP). 
Efficiency of such a process depends on a set of factors interacting with each other to 
produce the optimum outcome of treated crude oil with the least salt and water. In this 
research a comprehensive study of the interaction of these factors has been made and using 
Neural Network modeling trends of removal efficiency with respect to the changes of the 
process parameters has been quantitatively analyzed. The conclusions of this work can be 
summarized as follows. 
5.1 Conclusions 
Based on the experimental study performed with water-in-oil emulsions and the consequent 
analysis of the data gathered, it has been found that the following conclusions can be drawn: 
1) Settling time is the main factor that could be utilized to achieve the best 
operating conditions. 
2) The optimum operating conditions are at a settling time of 3 minutes. 
3) Injection of excessive amounts of chemical demulsifier causes a reversal in 
the efficiency of salt removal and could show negative effects on the quality 
of the treated crude. 
4) Low mixing rates means better savings in cost of petroleum production. 
5) As the pressure drop across the desalter vessels decreases mixing rate is 
lowered so the horsepower required of the feed pumps decreases leading to 
less energy consumption. 
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The first point raises the issue of new technologies applied in the filed of emulsion treatment 
of crude oil. As water content increases with crude oil wellhead pressures decrease and so 
the lifting costs increase and profitable fields become of marginally economic. Therefore it is 
expected that in near future the traditional settling-tank technique will be obselete and other 
means of improving production quality by desalting of crude must be used. Through the 
insight obtained by the present research the author of this thesis, as a memebr of the Effluent 
Water Treatment committee in Kuwait Oil Company (KOC), was able to report to KOC that 
settling time is a major factor in salinity and water removal of DDP. However, little removal 
efficency can be achieved through latest technologies used in the DDP processes. One of 
these technologies is hydrocyclons which are capable of removing up to 3 times more water 
from the washed crude oil than the traditional settling tanks and desalters. 
The conclusion stated above is also relevant to the consumption of optimal amounts of 
chemical demulsifier. As discussed before, an ancrease in chemical demulsifier does not 
automatically lead to improvement in desalting efficinecies. It was found that above the 
optimal point of 10 ppm of demulsifier a salt removal becomes less efficient. 
jggested schedule for practical desaltin 
Based on the correlation and the application of the model developed in this study, the 
optimum ranges of the variables for a practical DDP process are obtained. It should be 
emphasized that comparison of experimental and NN results proved the validity of model 
output generated in the present research. 
The optimal points obtained through the present research based on Neural Network modeling 
are shown in Table 5.1. 
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Table 5.1. Optimal points reached by using NN model. 
Variables/Method NN 
Temperature CC) 70.0 
Settling (minutes) 3.00 
Mixing (minutes) 5.00 
Chemical (ppm) 8.00 
Dilution Water (%) 5.50 
5.2 Recommendations for Future Work 
Successful application of the Neural Network provides an insight into possible future work 
which can improve the analysis of DDP process under realistic conditions. Therefore it can 
be recommended that: 
1) NN Predictive Control. 
The neural network predictive controller developed here provides a model for predicting 
future plant performance of nonlinear processes such as DDP. 
Such a model can be based on the following diagram shown in Figure 5.1. The optimization 
block determines the values of u (a tentative control signal) that minimize J (a performance 
criterion). Next, the optimal input, u, is introduced to the plant This controller block is 
implemented in a Neural Network which can be utilized using NN equations developed in 
Chapter 3 of this thesis. 
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Figure 5.1 NN Predicted Controller (Demuth and Beale, 2003) 
2) Application of the presented equations for real desalting/dehydration systems. 
3) Further investigation of the effect of formation-water quality (pH) on the 
desalting/dehydration performance. 
4) Experimental work on relating mixing time (min) to differential pressure 
drops (Psi) across a mixing valve in a real-field system. 
5) Fuzzy Expert System. 
This system may find the causes and effects table presented in Appendix D 
useful in predicting the DDP performance. 
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I O0. l)O 8.0O 55.00 1.00 1. O0 15.0O 4.00 52.0(1 4.75 18,00 lu 
1O0.00 8.00 55.00 1.00 1.00 15.00 6.00 50.00 4.80 Su. lul )O 00 
IOO. 0)) K. OO 55.00 1.00 1.00 I>. ()() 8.00 50.0)) 4.80 ý11()(l Munn 
100.00 8.00 55.00 1.00 1.00 15.00 10.00 -th. OO 5.00 S_' (() t7 in 
WOO 7.00 55.00 1.00 3.00 1.00 1.00 43.0)) 6.50 . 11)"80 71. ) 
X15.00 7.00 55.00 1.00 3.00 1.0O 2. O0 45.00 6.25 -1ý. 0 10.71 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final El iricncics, ýý 
S/R 
(P1'Bl 
W/C 
(%) 
"C Time, min min PPM Water, % S/R 
(P'1,11) 
W/C ("c) TI, 712 
hti. Ol) 7.00 55.00 1.00 3.00 1.00 3. OO 42.00 6.20 7 I LA; 
82.00 7.00 55.00 1.00 3.00 1.00 4.00 42.00 6.20 52.27 11Al 
88.00 7.00 55.00 1.00 3.00 1.00 6.00 40.00 6.10 54.55 12.86 
88.00 7.00 55.00 1.00 3.00 1.00 8.00 40.00 6.10 54.55 12. s6, 
88.00 7.00 55.00 1.00 3.00 1.00 10.00 39.00 6.00 55 (, s I4. _ß) 
88.00 7.00 55.00 1.00 3.00 2.00 1.00 45.00 5.50 48. S6 21.43 
88.00 7.00 55.00 1.00 3.00 2.00 2.00 44.00 4.00 50.00 42.86 
88.00 7.00 55.00 1.00 3.00 2.00 3.00 40.00 3.40 54.55 45.71 
88.00 7.00 55.00 1.00 3.00 2.00 4.00 39.00 3.75 S5 (, 1; 46.41 
88.00 7.00 55.00 1.00 3.00 2.00 6.00 40.00 3.40 5.1.55 45.71 
ss. 00 7.00 55.00 1.00 3.00 2.00 8.00 40.00 3.75 54.55 40.43) 
88.00 7.00 55.00 1.00 3.00 2.00 10.00 38.00 3.75 56.82 46.43 
88.00 7.00 55.00 1.00 3.00 5.00 1.00 40.00 5.20 54.55 25.71 
88.00 7.00 55.00 1.00 3.00 5.00 2.00 43.00 4.00 51.14 4186 
K8.00 7.00 55.00 1.00 3.00 5.00 3.00 40.00 4.00 54.55 42.6 
88. ()0 7.00 55.00 1.00 3.00 5.00 4.00 30.00 3.75 55.6x -10 -11 
88.00 7.00 55.00 1.00 3.00 5.00 6.00 38.00 3.75 56.82 40 . 1; 1 
88.00 7.00 55.00 1.00 3.00 5.00 R. 00 38.00 1.60 50.82 4~57 
8x. 00 7.00 55.00 1.00 3.00 5.00 10.00 3(,. 0(1 7.75 S9,09 -l(,. 1I 
88.00 7.00 55.00 1.00 3.00 8.00 1.00 8.00 4.50 56 2 zi 71 
88.00 7.00 55.00 1.00 3.00 8.00 2.00 40.00 3.75 54 55 -16,1; 
98.00 7.00 55.00 1.00 3.00 8.00 3.00 3X. 00 1.75 5n x2 . 1,.. 13 
88.00 7.00 55.00 1.00 3.00 8.00 4.00 3X. 00 7.75 56.82 10 1i 
5) . 
OO 7.00 55.00 1.00 3.00 8.00 6.00 3 7.00 7.60 S7 9S 48 57 
88.00 7.00 55.00 1.00 3.00 8.0X0 2.00 17.00 3.60 ST 9S lx 57 
8800 7.00 55.00 1.00 3.00 8.00 10.00 36.00 1.6)) 59.09 .0 )7 
ss. OO 7.00 55.00 1.00 3.00 10.00 1.00 ZS. OU 4.75 ; r, t2 (2_I'l 
ss. OO 7.00 55.00 1.00 3.00 1O. 00 2.00 -(0. (111 3.9(1 i4,55 . )4) ) 
}{}{. 00 7.00 55.00 1.00 3.00 10.00 3.00 (6.0)) 3.40 ýL 01) . 15 71 
88.00 7.00 55.00 1.00 3.00 IO. UO 3.00 36.11(( 3. SO 5) ft) s(I I)u 
88.00 7.00 55.00 1.00 1.00 10.00 6.00 37.01) 1.50 S7 05 S0.00 
}{K. ()() 7.00 55.00 1.00 3.00 10.0)) 8.00 36.00 3.75 S9,09 . 10 . 11 
88.00 7.00 55.00 1.00 3.00 1O. 00 1O. 00 16.00 3.90 59410 . 1.1 19 
}{8.00 7.00 55.00 1.00 3.00 12.00 1.00 36.00 4.75 50 00 12 1.1 
88.00 7.00 55.00 1.00 3.00 12.00 2.00 38.00 4.50 ' t; 71 
}{}{. 0O 7.00 55.00 1.00 3.00 12.00 3.00 35.00 4.25 r, n 2; tv w 
89.00 7.00 55.00 1.00 3.00 12.00 4.00 35.00 4.25 00 2; (0 20 
88.00 7.00 55.00 1.00 3.00 12.00 6.00 43.00 4. O(1 01 in l2 S; 0 
88.00 7.00 55.00 1.00 3.00 12.00 8.00 14.00 4.00 01 1, 1_2 _S6 
K8.00 7.00 55.00 1.00 3.00 12.00 10.00 35. (1O 4.00 60.21 l- ; t, 
88.00 7.00 55.0O 1.00 3.00 15.00 1.00 36.00 4.80 SO 00 ;1lt 
Y, 8.00 7.00 55.00 1.00 3.00 15.00 27)0 15.00 4.75 on 21 12 1.1 
x}3. ()0 7.00 55.00 1.00 3.00 15.00 3.00 34.00 4.75 hl t(, t2 1.1 
x8.1)0 7.00 55. O0 1.00 3.00 15.00 4.00 35.00 4.60 60.2 s I 120 
88.00 7.00 55.00 1.00 3.00 15.00 6.00 35.00 4.50 00 )1 1; 71 
WOO 7.00 55.0O 1.00 3.00 15.00 8.00 35.00 4.25 (, ii 23 1) ,, i 
813.00 7.00 55.00 1.00 3.00 15.00 10.1)0 14.00 425 61.3(, tv 7)) 
00.00 7.50 55.00 1.00 5.00 1.00 1.00 24.00 5.00 7; 1t ; ;; i 
90.00 7.51) 55.00 1.00 5.00 1.00 2.00 24.00 4911 7; 3t (6 0)) 
90.00 7.50 55.00 1.00 5.00 1.00 3.00 '' 00 4.60 75 56 15 67 
90.00 7.50 55.0O 1.00 5.00 1.00 4.00 22.00 4.00 7> 5l, tti. 67 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, % 
S/12 
(trrH) 
W/( 
ýýý) 
°C Time. min min PI'N1 Water, % /K 
(t'"t B 
W/C 
90.00 7.50 55.00 1.00 5.00 1.00 6.00 18.00 4. $0 8O. nU ; ý, nn 
90.00 7.50 55.00 1.00 5.00 1.00 8.00 18.00 4.80 $0.00 36.00 
90.00 7.50 55.00 1.00 5.00 1.00 10.00 17.00 4.90 81.11 3.1.67 
00.00 7.50 55.00 1.00 5.00 2.00 1.00 24.00 4.20 73.33 443))) 
90.00 7.50 55.00 1.00 5.00 2.00 2.00 24.00 3.00 73.33 60. (1(1 
90.00 7.50 55.00 1.00 5.00 2.00 3.00 18.00 ±. 00 8018) 60.00 
90.00 7.50 55.00 1.00 5.00 2.00 4.00 18.00 2.50 8038) 66.67 
90.00 7.50 55.00 1.00 5.00 2.00 6.00 17.00 2.60 81.11 65.33 
90.00 7.50 55.00 1.00 5.00 2.00 8.00 17.00 2.75 81.11 63.31 
90.00 7.50 55.00 (. 00 5.00 2.00 10.00 17.00 2.75 81 11 611; 
9(). 00 7.50 55.00 1.00 5.00 5.00 1.00 18.00 5.20 60.00 30.67 
90.00 7.50 55.00 1.00 5.00 5.00 2.00 20.00 4.00 77.78 96.67 
90.00 7.50 55.00 1.00 5.00 5.00 3.00 20.00 4.00 77.78 -16 b7 
90.00 7.50 55.00 1.00 5.00 5.00 4.00 19.00 2.60 78.89 OS-; 3 
90.00 7.50 55.00 1.00 5.00 5.00 6.00 18.00 3.75 80.1)O ýI) un 
90.00 7.50 55.00 1.00 5.00 5.00 8.00 18.01) 3.80 80.00 . 19,; 
90.00 7.50 55.00 1.00 5.00 5.00 10.00 17.00 3.911 x1.1I . IS. on 
90.00 7.50 55.00 1.00 5.00 8.00 1.00 18.00 3.50 80. (n) 5 3. +_3 
90.00 7.50 55.00 1.00 5.00 8.00 2.00 18.00 2.75 8,0.00 0ztz 
90.00 7.50 55.00 1.00 5.00 8.00 3.00 18.00 2.60 S(1(1(1 05 
90.00 7.50 55.00 1.00 5.00 8.00 4.00 17.00 2.50 $1 11 on 07 
gO. 00 7.50 55.00 1.00 5.00 8.00 6.00 Is. ()() 2.60 )8() 0)) 69. tt 
90.0(1 7.50 55.00 1.00 5.00 8.00 8.00 17.00 2.60 S1 11 hi 
9O. 00 7.50 55.00 1.00 5.00 8.00 1(). 00 16.00 '_. 75 82 22 I, ts 
90.00 7.50 55.00 1.00 5.00 10. O0 1.00 18.00 ;. 05 80 )8) S1 a3 
9O. 00 7.50 55.00 1.00 5.00 1(). 00 2.00 18.00 2.81) I8))Un 0,. n, 7 
90.00 7.50 55.00 1.00 5.00 0). 00 3.00 17.00 22.80 81.11 0 07 
91). 00 7.50 55.00 1.00 5.00 1O. 00 4.00 16.00 2.5(1 8, 0) 17 
90. (10 7.50 55.00 1.00 5.00 1O. 00 6.00 16.00 2.75 ti, " tt 0; 
90.00 7.50 55.00 1.00 5.00 10.00 8.01) 1600 2.75 82. " 0) it 
90.00 7.50 55.00 1.00 5.00 10.00 10. O0 16.00 2.80 12 >> 02 07 
90.00 7.50 55.00 1.00 5.00 12.00 (. 00 16.00 3.80 8 >> (0. t 
90.00 7.50 55.00 1.00 5.00 12.00 2.00 16.00 2.80 82'2 0'. 07 
90.00 7.50 55.00 1.00 5.00 12.00 3.00 15.00 2.70 $a 1) 0. ) uu 
9(). 00 7.50 55.00 1.00 5.00 12.00 4.00 15.00 2.50 x 1. it 0001 
90.00) 7.50 55.00 1.00 5.00 12.00 6.00 15.110 2.60 x .it b5_ tz 
90.00 7.50 55.00 1.00 5.00 12.00 8.00 14.00 2.60 x 1. -1-t (, S_ 
90.00 7.50 55.00 1.00 5.00 12.00 10.00 14. (1(1 3.00 81 -1.1 011.1)11 
90.00 7.50 55.00 1.00 5.00 15.00 1.00 15.00 4.00 tit it -10 07 
90.00 7.50 55.00 1.00 5.00 15.00 2,00 (5.0(1 3.20 8) i) 57 i 
9O. 0() 7.50 55.00 1.00 5.00 15.00 3.01) 15.00 3.01) w1 ýý 0))(8) 
901.00 7.50 55.00 1.00 5.00 (5.00 4.00 12.00 2.80 80.67 0207 
90.00 7.50 55.00 1.00 5.00 15.00 6.00 13.00 2.75 85 50, 0; 
901.00 7.50 55.00 1.00 5.00 15.00 8.00 13. O(1 2.80 85.50 62 07 
90.00 7.50 55.00 1.00 5.00 15.00 10.00 12.00 3.00 80 07 00 00 
71.00 8.00 55.00 1.00 7.00 1.00 1.00 22.00 5.00 68.57 37 )0 
70.00 8.00 55.00 1.00 7.00 1.00 2.00 22.00 4.81) 1,8.57 '1000 
70.00 8.00 55.00 1.00 7.00 1.00 3.00 22.0(( 4.60 08.57 -1' SO 
70.00 8.00 55.00 1.00 7.00 1.00 4.00 (8.00 4.60 71 ? () _1'S() 70.00 8.00 55.00 1.00 7.00 1.00 6.00 (8.0(1 4.80 7.1 21) -0u 00 70.00 8.00 55.00 (. 00 7.00 1.00 8.00 16.00 4.81) 77 14 41)00 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, % 
S/R 
(>Frrn) 
W/C 
(ý) 
°C Time, min min PPM Water, r%c S/R 
(19 , 11) 
W/C (i, ) T11 
70. OU ti. OO 55, H) I . 
OO 7.00 1.00 10.00 10,00 4.90 77 14 ; S75 
70.00 8.00 55.00 1.00 7.00 2.00 1.00 22.00 4.20 68.57 47. SO 
70.00 8.00 55.00 1.00 7.00 2.00 2.00 22.00 3.00 68,57 62.50 
70.00 8.00 55.00 1.00 7.00 2.00 3.00 20.00 3.00 71.43 6250 
70.00 8.00 55.00 1.00 7.00 2.00 4.00 18.00 2.5O 74.29 69.75 
70.00 8.00 55.00 1.00 7.00 2.00 6.00 16.00 2.60 77,14 67.50 
70.00 8.00 55.00 1.00 7.00 2.00 8.00 14.00 2.75 80.00 65.63 
70.00 8.00 55.00 1.00 7.00 2.00 10.00 14.00 2.75 80,00 65.6; 
70.00 8.00 55.00 1.00 7.00 5.00 1.00 20.00 4.20 71 -13 47.50 
70.00 8.00 55.00 1.00 7.00 5.00 2.00 20.00 4.00 71.43 50.00 
70.00 8.00 55.00 1.00 7.00 5.00 3.00 18.00 4.00 74.29 50.60 
70.00 8.00 55.00 1.00 7.00 5.00 4.00 16.00 2.60 77.14 67.5)) 
70.00 8.00 55.00 1.00 7.00 5.00 6.00 16.00 3.75 77.14 S3.1 i 
70.00 8.00 55.00 1.00 7.00 5.00 8.00 14.00 3.80 80.00 S2 Su 
70.00 8.00 55.00 1.00 7.00 5.00 10.00 14.00 3.90 86 U)) >I '5 
70.00 9.00 55.00 1.00 7.00 8.00 1.00 20.00 1.50 71.4) S6 'S 
70.00 8.00 55.00 1.00 7.00 8.00 2.00 18.00 2.75 74.291 65. (' 
70.00 8.00 55.00 1.00 7.00 8.00 3.00 18.00 2.60 7.4.29 075u 
70.00 8.00 55.00 1.00 7.00 8.00 4.00 16.00 2.50 77.1-1 OS. 7S 
70.00 8.00 55.00 1.00 7.00 8.00 6.00 14.00 2.60 80.00 07 ý() 
70.00 8.00 55.00 1.00 7.00 8.00 8. OO 14.00 2.6(1 86.0)) 67 ý(( 
70.00 8.00 55.00 1.00 7.00 8.00 10.00 14.00 2.75 1O. 10 US 0 º 
70.00 8.00 55.00 1.00 7.00 10.00 1.00 18.00 3.65 7.1.29 5. ) (8 
70.00 8.00 55.00 1.00 7.00 1O. 00 2.00 18.00 2.80 7129 0,00 
70.00 8.00 55.00 1.00 7.00 10.00 3.00 16.00 2.80 77 11 im (, 5 
70.00 8.00 55.00 1.00 7.00 10.00 4.00 16.0(1 2.50 77 Il ON, 7 
70.00 8.00 55.00 1.00 7.00 10. (1(1 6.00 16.00 2.75 77, OS 0 
70.00 8.00 55.00 1.00 7.00 1 U. 00 8.00 14.00 2.75 80.00 65 oi 
70.00 8.00 55.00 1.00 7.00 11). 00 1(). 00 14.00 2.80 8(l n0 US on 
77 0.00 8.00 55.00 1.00 7.00 12.00 1.00 18.00 3.80 7.129 5_'_ßu 
70.00 8.00 55.00 1.00 7.00 12.00 2.00 I8. ()0 2.80 74 29 OS uu 
70.00 8.00 55.00 1.00 7.00 12.00 3.00 16.00 2.70 77 1-1 00 75 
70.00 8.00 55.00 1.00 7.00 (2.00 4.00 16.00 2.50 77,14 61.75 
70.00 8.00 55.00 1.00 7.00 12.00 6.00 (6.0(1 2.60 77 1-1 07 5n 
70.00 8.00 55.00 1.00 7.00 12.00 8.00 14.00 22.60 8)) U) (75)) 
70.00 8,00 55.00 1.00 7.00 12.00 1 0.00 16.00 3.00 77 1.1 0' 5O 
70.00 8.00 55.00 (. 00 7.00 15.00 1.00 20.00 4.00 7 (. I t Su n(( 
70.00 8.00 55.00 1. ()0 7.00 15.00 2.00 20.00 3.20 71.41 6000 
70.00 8.00 55.00 1.00 7.00 15.00 3.00 18.00 3.00 7.1 _21) 02 Su 
70.00 8.00 55.00 1.00 7.00 15.00 4.00 16.00 2.80 77 1.; US nu 
70.00 8.00 55.00 1.00 7.00 15.00 6.00 (4.00 2.75 tiu. (m US 0 
70.00 8.00 55.00 1.00 7.00 15.00 8.00 14.00 2.80 80 nu 65)5) 
70.00 8.00 55.00 1.00 7.00 15.00 11). 1)0 16.00 3.0(1 77. (4 r, 2 5u 
85.00 8.00 55.00 1.00 9.00 1.00 1.00 12.00 5.50 7.3.1 2 tI _5 
85.00 8.00 55.00 (. 00 9.00 1.00 2.00 20.00 5.00 7617 t7 ý0 
85.00 8.00 55.00 1.00 9.00 (. 00 3.00 20.00 4.80 7(,. 47 -10 06 
85. O0 8.00 55.00 1.00 9.00 1.00 4.00 18.00 4.80 78 82 16.01) 
85.00 K. 00 55.00 1.00 9.00 I. 00 6.00 18.00 5.00 1 7's S2 ;7 SO 
K5. OO O K. 0O 55.00 1.00 9.00 (. 00 8.00 16.00 5.110 8L I8 (7 SO 
85.00 8.00 55.00 (. 00 9.00 1.00 1 0.00 16.00 5.20 w 1.1$ 35 U)) 
85.00 8.00 55.00 1.00 9.00 2.00 1.00 22.00 4.50 74.12 43.75 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, `%r 
S/R 
(iy113) 
W/C 
(ýf 
°C: 'l'ime, min min PPt 1 Water, 117r S/R 
(Pt K) 
WV/L (`r) % 12 
). l)() \ ()ll 55.01) l. ()() ). ()() 1_. I1() 2.00 ? . 
I)() 1 ýI) 71 1' ý(1 )S- 
85-00 8.00 55.00 1.00 9.00 2.00 3.00 22.00 3.50 74_I2 S6 25 
H5.00 8.00 55.00 1.00 9.00 2.00 4.00 18.00 2.75 75.12 6S O1 
65.00 8.00 55.00 1.00 9.00 2.00 6.00 16.00 3.00 81.18 025u 
85.00 8.00 55.00 1.00 9.00 2.00 8.00 14.00 4.00 83.53 5I1.00 
85.00 8.00 55.00 1.00 9.00 2.00 10.0O 14.00 5.00 83.53 37 5u 
85.00 8.00 55.00 1.00 9.00 5.00 1.00 18.00 4.50 78.87 43.75 
85.00 8.00 55.00 1.00 9.00 5.00 2.00 16.00 4.25 X1.1 s . 1,. 55 
85.00 8.00 55.00 1.00 9.00 5.00 3.00 16.00 4.25 81.18 4 6. N'S' 
85.00 8.00 55.00 1.00 9.00 5.00 4.00 9.00 2.75 89.41 t, 5 
85.00 8.00 55.00 1.00 9.00 5.00 6.00 9.00 3.90 59.41 51 
85.00 K. 00 55.00 1.00 9.00 5.00 8.00 14.00 4.00 l_53 Su. llu 
85.00 8.00 55.00 1.00 9.00 5.00 10.00 14.00 5.00 h t.; t 37.50 
85.00 8.00 55.00 1.00 9.00 8.00 1.00 15.00 3.90 78.82 51 2> 
85.00 8.00 55.00 1.00 9.00 8.00 2.00 18.00 2.75 7K K2 O> 0; 
85.00 8.00 55.00 1.00 9.00 8.00 3.00 18.00 2.60 78', IQ (7 ýO 
85.00 8.00 55.00 1.00 9.00 8.00 4.00 14.00 2.50 H 3.5 3 68,7S- 
85.00 8.00 55.00 1.00 9.00 5.00 6.00 14.00 2.60 H). 53 (77. SO 
85.00 5.00 55.00 1.00 9.00 8.00 8.00 (3.00 5.00 14.71 02 5)) 
85.00 5.00 55.00 1.00 9.00 8.00 10.00 13.00 4.00 5.171 KU)))) 
85.00 8.00 55.00 1.00 9.00 10.00 1.00 16. (1(1 37911 S1.18 51 '5 
85.00 8.00 55.00 1.00 9.00 1 00 2.00 16.00 2.80 81.18 OS 00 
85.00 8.00 55.00 1.00 9.00 10.00 3.00 9.00 2.50 tiv. -I I US ui) 
85.00 8.00 55.00 1.00 9.00 10.00 4.00 9.00 2.75 '8-119 (0 
85.00 8.00 55.00 1.00 9.00 10.00 6.00 9.00 (. OU sý_-il ý5)) 
85.00 5.00 55.00 1.00 9.00 10.00 8.00 13.00 3. (1O X 3.71 (, _ ,n 
}{5.00 8.00 55.00 1.00 9.00 10.00 10.00 1 1.00 4.00 h. 1.71 5u 
85.00 8.00 55.00 1.00 9.00 12.00 1.00 18.00 4.00 78 S? KII I)u 
85.00 8.00 55.00 1.00 9.00 12.00 2.00 15.00 2.80 78 52 0, )()() 
85.00 8.00 55.00 1.00 9.00 12.00 3.00 20.00 2.70 7647 0 25 
85.00 8.00 55.00 1.00 9.00 12.00 4.00 18.00 2.75 75.52 0,0+ 
85.00 8.00 55.00 1.00 9.00 12.00 6.00 I s. 00 2.90 78.82 6; 7*) 
85.00 8.00 55.00 1.00 9.00 12.00 8.00 16.00 3.00 81,18 62.5O 
85.00 8.00 55.00 1.00 9.00 12.00 10.00 14.00 4.50 tit S; I )7S 
85.00 8.00 55.00 1.00 9.00 15.00 1.00 18.00 4.25 78 , 82 -10 5ti 
85.00 8.00 55.00 1.00 9.00 15.00 2.00 16. (1(1 (. 1)O 81.18 51 
85.00 8.00 55.00 1.00 9.00 15.00 3.00 16.00 3.50 HI 18 ; U, ý 
85.00 8.00 55.00 1.00 9.00 15.00 4.00 16.0(1 3. OO 81 IS 0' sn 
85.00 8.00 55.00 1.00 9.00 15.00 6.00 16.00 3.00 '81 18 0' 5u 
x5.00 5.00 55.00 1.00 9.00 15.00 8.00 16.00 1.00 I 18 I, ' 
85.00 8.00 55.00 1.00 9.00 15.00 10. (11) 14.00 4.50 K 1.; t .1+7,1 
96.00 7.75 55.00 3.00 1.00 1.00 1.00 28.00 7.00 70. K) 1) (5 
()6. OO 7.75 55.00 3.00 1.00 1.00 2.00 20.00 6.00 72.92  SS 
96.00 7.75 55.00 3.00 1.00 1.00 3.00 24.00 5.00 75 00 15 AS 
96.00 7.75 55.00 3.00 1.00 1.00 4.00 24.00 5.00 75 00 'S' 
96. OO 7.75 55.00 3.00 1.00 1.00 6.00 24.00 4.00 75100 -I S, 1) 
96.00 7.75 55.00 3.00 1.00 1.00 8.00 22.00 3.00 77. )15 (I. 2') 
96.00 7.75 55.00 3.00 1.00 1.00 IU. OO 22.00 3.00 77.11s 0)1 29 
96. O0 7.75 55.00 3.00 1.00 '. OO 1.00 26.00 6.00 7' 9 
96.00 7.75 55.00 3.00 E 1.00 2.00 2.00 26.00 5.00 72.92 3> lz 96.1)0 7.75 55.00 3.00 1.00 2.00 3.00 24.00 5.00 75. ))0 is . 18 
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Initial 
S/R W/C 
(PTB) (%) 
Temperature 
"C 
Settling 
Time, min 
Mixing, 
ºnin 
Chemical 
PPAI 
Dilution 
Vater, % 
Final 
S/R ýV/C (°ýc) 
(198) 
Efficiencies, % 
Tlý 712 
90.00 7.75 55. OO 3.00 1.00 2.00 4.00 '? 4.00 4,00 7s ()II IS i') 
96.00 7.75 55.00 3.00 1.00 2.00 6.00 22.00 4.00 7708 48,311 
96.00 7.75 55.00 3.00 1.00 2.00 8.00 22.00 3.00 77.08 61. ") 
96.00 7.75 55.00 3.00 1.00 2.00 10.00 20.00 3.00 70_ 17 61.21) 
96.00 7.75 55.00 3.00 1.00 5.00 1.00 26.00 6.00 72.02 2-. 58 
96.00 7.75 55.00 3.00 1.00 5.00 2.00 24.00 4.00 7S, 00 4$. 3ý) 
96.01) 7.75 55.00 3.00 1.00 5.00 3.00 24.00 2.00 75.00 74.19 
96.00 7.75 55.00 3.00 1.00 5.00 4.00 24.00 2.00 75.0)) 74.0 
96.00 7.75 55.00 3.00 1.00 5.00 6.00 22.00 3.00 77.08 6) . 29 
96.00 7.75 55.00 3.00 1.00 5.00 8.00 22.00 3.00 77.08 61. ") 
96.00 7.75 55.00 3.00 1.00 5.00 10.00 20.00 2.00 71) 17 7-4.11) 
96.00 7.75 55.00 3.00 1.00 8.00 1.00 24.00 5.00 75.00 ; 5.48 
96.00 7.75 55.00 3.00 1.00 8.00 2.00 24.00 4.00 75.00 48.31) 
96.00 7.75 55.00 3.00 1.00 8.00 3.00 22.00 2.1)O 7708 7.1.10 
96.00 7.75 55.00 3.00 1.00 8.00 4.00 22.00 2.00 77 08 7-1.11) 
96.00 7.75 55.00 3.00 1.00 8.00 6.00 22.00 3.00 7708 01.21) 
96.00 7.75 55.00 3.00 1.00 8.00 8.00 20.00 2.00 79,17 74. I') 
96.00 7.75 55.00 3.00 1.00 8.00 1O. 00 20.00 2.00 79.17 7.1.11) 
96.00 7.75 55.00 3.00 1.00 1(1.00 1.00 24.00 5.00 75.00 is. -Is 
96.00 7.75 55.00 3.00 1.00 10.00 2.00 22.00 1.00 77 08 01 21) 
96.00 7.75 55.00 3.00 1.00 10.00 3.00 22.00 2.00 77,08 74 . 11) 
96.00 7.75 55.00 3.00 1.00 10.00 4.00 18.00 2.00 81.25 74 I') 
96.00 7.75 55.00 3.00 1.00 10.00 6.00 18.00 3.00 81. '5 01.21) 
ºm. 0O 7.75 55.00 3.00 1.00 10.0O 8.00 20.00 2.00 79.17 7.11') 
96.00 7.75 55.00 3.00 1.00 10.00 10.0)) 2)1.01) 2.00 79.17 7. i1') 
96.00 7.75 55.00 3.00 1.00 12.00 1.00 2-1.00 1.00 7SO)) hl 211) 
96.00 7.75 55.00 3.00 1.00 12.00 2.00 20,00 2.00 7917 7.1.1') 
96. (1(1 7.75 55.00 3.00 1.00 12.00 3.00 20.00 1.00 79,17 87.10 
96.00 7.75 55.00 3.00 1.00 12.00 4.00 20.00 1.00 70_ 17 87 In 
96.0(1 7.75 55.00 3.00 1.00 12.00 6.00 18.00 2.00 81 25 7. ) 11) 
96.00 7.75 55.00 3.00 1.00 12.00 8.00 18.00 2.00 ; I. _$ 7. ) 0 
96100 7.75 55.00 3.00 1.00 12.00 1O. 00 18.00 1.00 h) '> 87 10 
96.00 7.75 55.00 3.00 1.00 15.00 1.00 26.00 3. (ri) 72'. 02 01.21) 
9)(). OO 7.75 55.00 3.00 1.00 15.00 2.00 24.00 1.00 75.00 87.10 
96.00 7.75 55.00 3.00 1.00 15.00 3.00 24.110 1.00 75.00 1710 
96.10)(0 7.75 55.00 3.00 1.00 15.00 4.00 22.00 1.00 77.08 87 10 
96.00 7.75 55.00 3.00 1.00 15.00 6.00 22.00 2.01) 77.118 7.1_I1) 
96.0(1 7.75 55.00 3.00 1.0O 15.00 }{. 00 20.00 1.00 79.17 87 In 
96.00 7.75 55.00 3.00 1.00 15.00 10.00 20.00 1.00 70.17 ý7 (U 
100.0O K. 00 55.00 3.00 3.00 1.00 1.00 222.00 5.00 78.00 7 X00 
1OO. OO 8.00 55.00 3.00 3.00 1.00 2.00 20.01) 5.00 911110 t7 SO 
10)O. 0() 8.00 55.00 3.00 3.00 1.00 3.00 20.00 3.00 so) 00) U2 j(I 
100.00 8.0() 55.00 3.00 3.00 1.0(1 4.00 18.00 1(1(1 82.0() 61 Su 
(00. OO 8.0() 55.00 3.00 3.00 1.00 6.00 18.00 2.00 82,00 7.00 
1(1(1. (1O 8,00 55.00 3.00 3.00 1.00 K. 0() 16.00 2.00 ti l. )m 7S OX) 
U0. OO 9.0() 55.00 3.00 3.00 1.00 10.00 16.00 1.00 8-IJ00 87 BOO 
1O0.00 K. 0() 55.00 3.00 3.00 2.00 1.00 20.00 5.00 180,00 ;7 SO 
IOO. O0 K. 00 55.00 3.00 3.00 2.00 2.00 20.00 4.00 SO. 0u0 ýO 00 
100.0() . 
00 55.00 3.00 3.00 2.00 3.00 18.00 3.00 2 000 02 50 
100.00 8.00 55.00 3.00 3.00 2.00 4.00 18.00 2.00 nil 7S nu 
100.1)0 X. 00 55.00 3.00 3.00 2.00 0.00) 16.00 2 
. (1() so (0)) 7S 00 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efticiencies, 
SDK 
( 
W/c 
(Ili) 
"C Time, min min PPNI Water, S/k 
(111,10 
1 W/C (rig) 
1 
T1, 
I O(). 00 S. UO 5. N) 3.00 ý. 0)) 2.00 8.00 10.00 - 1.00 84 )) $7 $ 
1O1.00 8.00 55.00 3.00 3.00 2.00 10.00 14.00 1.00 86.00 87. ß(i 
100.00 8.00 55.00 3.00 3.00 5.00 1.00 20.00 4.00 80200 50.00 
100.00 8.00 55.00 3.00 3.00 5.00 2.00 20.00 4.00 80,00 50.00 
01)-00 8.00 55.00 3.00 3.00 5.00 3.00 18.00 2.00 82.01 75.0)) 
100.00 8.00 55.00 3.00 3.00 5.00 4.00 18.00 2.00 82.00 7,. 0u0 
100.00 8.00 55.00 3.00 3.00 5.00 6.00 16.00 1.00 84.00 87.50 
11)0.00 8.00 55.00 3.00 3.00 5.00 8.00 14.00 1.00 86.00 87.50 
1OO. 00 8.00 55.00 3.00 3.00 5.00 10.00 14.00 0.75 8(,. Oo x). 63 
1O0.00 8.00 55.00 3.00 3.00 8.00 1.00 20.00 4.00 80 00 50 (m 
100.00 8.00 55.00 3.00 3.00 8.00 2.00 20.00 3.00 80,00 62.50 
100.00 8.00 55.00 3.00 , 
01) 8.00 3.00 16.00 2.00 84.0)) 75.0)) 
1((). 00 8.00 55.00 3.00 3.00 8.00 4.00 16.00 2.01) 84.0)) 75.1))) 
100.01) 8.00 55.00 3.00 3.00 8,00 6.00 14.00 1.00 86.10 87Sn 
1(O. 00 9.00 55.00 3.00 3.00 8.00 8.00 14. UI) 1.00 86.00 87. in 
1OO. 00 8.00 55.00 3.00 3.00 8. (10 10.00 14.00 O. 5)) 86.0)) 9(7$ 
100.00 8.00 55.00 3.00 3.0(1 1O. 00 1.00 22.01) 4.0)) 78.00 S0.0x0 
100.00 8.00 55.00 3.00 3.01) 10.00 2.00 20.00 3.0(1 80. ))) 6250 
100.00 8.00 55.00 3.00 3.00 10.08) 3.1)0 18.00 2.01) 82.00 78.00 
100.00 9.00 55.00 3.00 3.00 10.00 4.00 16.00 1.01) 8-4.00 87 S0 
1OO. 00 8.00 55.00 3.00 3.00 10.00 6.00 16.00) 1.00 8) nii n 
100.1)0 8.00 55.00 3.00 3.00 10.0(1 8.00 16.0(1 1). 50 8.1.00 ol7$ 
00.00 8.00 55.00 3.00 3.01) 10.0)) 10.00 14.00 0.50 800u0 vt 7) 
100.00 8.00 55.00 3.00 3.00 12.00 1.00 ». 00 2.00 7x_00 7$ OH 
100.00 8.00 55.00 3.00 3.00 12.00 2.00 0.00 2.00 78.01 7S 00 
1o0. OO 8.00 55.00 3.00 3.00 12.00 3.00 19.00 1.00 81.01 $7 $0 
100.11 8.00 55.00 3.00 3.00 12.00 4.00 11). 00 1.00 81.0)) 87 >0 
100.0O 8.00 55.00 3.00 3.00 12.00 6.00 18.00 1.00 1? Inl 87 'M 
111.01 8.00 55.00 3.00 3.00 12.00 8.00 18.00 0.50 82 0( v; 7, 
O0.0O 8.00 55.00 3.00 3.00 12.00 10.00 17.00 0.50 8i 0n0 9;, 7S 
100.00 8.00 55.00 3.00 3.00 15.00 1.00 20.00 2.00 NO 00 75 un 
100.00 8.00 55.00 3.00 3.00 15.00 2.00 1'). 00 2,00 $1. (00 7s. l)) 
100.00 8.00 55.00 3.00 3.00 15.00 3.00 10.00 1.00 yl 0n0 ); 7 8u 
100.00 8.00 55.00 3.00 3.00 15.00 4.00 18. (1(1 1.00 82.00 x7')(0 
1O1.01) 8.00 55.00 3.00 3.00 15.00 6.00 17.00 0.50 83100 1) t 7$ 
100.1)0 8.00 55.00 3.00 3.00 15.00 8.00 17.00 0.50 8 10 0 1)t7i 
100.00 8.00 55.00 3.00 3.00 15.00 10.00 17.00 0.50 s loo 99 t. 7; 
11)0-00 8.00 55.00 3.00 5.00 1.00 1.00 '_O. 0O 5.00 Su 0N0 i7 SO 
100.10 8.00 55.00 3.00 5.00 1.00 2.00 18.00 5.00 82 uO (7 Su 
1(1(1.0O 8.00 55.00 3.00 5.00 1.00 3.00 18.00 3.00 ti? Im 02 5u 
1(0). 00 8.00 55.00 3.00 5.00 1.00 4.00 10.0 0 3. (1O 8.1 nn 62 SO 
1()000 8.00 55.00 3.00 5.00 1.00 6.00 16.01) 2.00 S-1 00 75.00 
1OO. 00 8.00 55.00 3.00 5.00 1.00 8.00 14.00 2.00 860)) 75)) 
100.00 8.00 55.00 3.00 5.00 1.00 10.00 14. (11) 1.00 8600 t; 7 80 
Ioo. O0 8.00 55.00 3.00 5.00 2.00 1.00 18.00 5.00 $$_' (u) (7 ,0 
IO(). U() 8.00 55.00 3.00 5.00 2.00 2.00 1$. )))) 4.00 810)) )000 
100.00 8.00 55.00 3.00 5.00 2.00 3 00 18110 3.00 8) 0)) 6 ill 
1()(). (10 8.00 55.00 3. OO 5.1)0 2.00 4.00 ION ) 100 '-1 0 0 7> 00 
I(1O. OO ! {. 0O 55.00 3.00 5.00 2.00 (6. OO 14.0(1 2.00 sn iui 7S __u 
I (lU. ( () K. 0O 55.0(1 3.00 5.00 2.00 8.00 14.0O 1.00 S0 O0 s75 
IUI). (lU h. 0O 55.00 3.00 5.00 22.00 1O. (l( 12.00 1.00 ss oo S7 SO 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, °k 
S/R w/C °C Time, min min PPM Water, r/, S/R W/C. (`o) Tll Tl, 
(0). OO 8.00 55.00 3.00 5.00 5.00 1.00 18.00 -1.00 r2l) SU U11 
100.00 8.00 55.00 3.00 5.00 5.00 2.00 18.00 4.00 82.18) 50J8) 
100.00 8.00 55.00 3.00 5.00 5.00 3.00 16.00 2.00 84.00 75.00 
100.00 8.00 55.00 3.00 5.00 5.00 4.00 16.00 2.00 s-1.00 75.00 
10 ). 00 8.00 55.00 3.00 5.00 5.00 6.00 14.00 1.1)0 $6.00 87.50 
100.00 8.00 55.00 3.00 5.00 5.00 8.00 12.00 1.00 88.0)) 87.50 
100.00 8.00 55.00 3.00 5.00 5.00 10.00 12.00 0.75 55.00 90.13 
I UO. OU 8.00 55.00 3.00 5.00 8.00 1.00 18.00 4.00 92.0)) 50,00 
1O0.00 8.00 55.00 3.00 5.00 8.00 2.00 18.00 3.00 82.00 62.50 
]()(). 0() 8.00 55.00 3.00 5.00 8.00 3.00 14.00 2.00 86.00 75.00 
100.00 8.00 55.00 3.00 5.00 8.00 4.00 14.00 2.00 86.00 75.00 
100.00 8.00 55.00 3.00 5.00 8.00 6.00 14.00 1.00 86.00 K75)) 
100.00 8.00 55.00 3.00 5.00 8.00 8.00 12.00 1.00 85.00 87.50 
100.00 8.00 55.00 3.00 5.00 8.00 10.00 12.00 0.50 ss. uo 93.75 
1()8). 00 8.00 55.00 3.00 5.00 10.00 1.00 20.00 4.00 50. (1(1 50. ))0 
100.00 8.00 55.00 3.00 5.00 10.00 2.00 18.00 3.00 82.18) 62.5)) 
10O. 00 8.00 55.00 3.00 5.00 10.0O 3.00 10.00 2.00 84.18) 75,00 
10O. (1O 8.00 55.00 3.00 5.00 10.00 4.00 14.00 1.00 86.00 87.50 
1OU. 00 8.00 55.00 3.00 5.00 10.00 6.00 14.00 1.00 16.0u0 87.5)) 
1O0.00 8.00 55.00 3.00 5.00 10.00 8.00 14.00 0.50 N(0. (1O 93 7S 
100.00 8.00 55.00 3.00 5.00 10.00 10.00 14. (1(1 O. 5O shun 1);, 7S 
1()(). 00 8.00 55.00 3.00 5.00 12.00 1.00 20.00 2.00 8()()() 75 nn 
100.00 8.00 55.00 3.00 5.00 12.00 2.00 20.00 2.00 80,00 75 00 
100.00 8.00 55.00 3.00 5.00 12.00 3.00 17.0)) 1.00 8z (8) 87 51) 
1O0.00 8.00 55.00 3.00 5.00 12.00 4.00 17.00 1.00 53,00 87 SO 
100.00 8.00 55.00 3.00 5.00 12.00 6.00 16.00 1.00 5.1 0)) 87.50 
1O0.0O 8.00 55.00 3.00 5.00 12.00 8.00 16.00 0.50 "8,4 (u) () 1 7S 
100.00 8.00 55.00 3.00 5.00 12.00 10. O0 15.00 0.50 55.110 9;. 7S 
1810.00 8,00 55.00 3.00 5.00 15.00 1.00 22.00 2.00 75 00 75 uO 
100.0)) 8.00 55.00 3.00 5.00 15.00 2.00 20.00 2.00 51)1(0 75 0)) 
00. O0 8.00 55.00 3.00 5.00 15.00 3.00 17.00 1.00 81.00 87')0 
100.00 8.00 55.00 3.00 5.00 15.00 41)0 17.00 1.00 83. (18) 87 5)) 
IO(I. 00 8.00 55.00 3.00 5.00 15.00 6.00 16.00 0.50 8.1.10 9175 
100.00 8.00 55.00 3.00 5.00 15.00 8.00 16.00 O. 50 5") 00 1)1.75 
100.00 8.00 55.00 3.00 5.00 15.00 10.00 15.00 0.50 85.00 )1 7> 
100.00 8.00 55.00 3.00 7.00 1.00 1.00 20.00 5.00 8)101 17. >n 
100.00 8.00 55.00 3.00 7.00 1.00 2.00 18.00 5.00 8 00 17 Si ) 
1((0.00 8.00 55.00 3.00 7.00 1.00 3.00 16.00 4.50 $1.01) . 11 7 
1O0.00 8.00 55.00 3.00 7.00 1.00 4.00 16.00 4.50 8.100 1. )75 
18)0.0O 8.00 55.00 3.00 7.00 1.00 6.00 14.00 4.50 80 , 00 4 1_ 75 
1O0. O0 8.00 55.00 3.00 7.00 1.00 8.00 14.00 4.00 80.0)) 5(1(10 
1(8) 1) 8.00 55.00 3.00 7.00 1.00 10.00 14.00 4.00 86.00 5O(10 
100.00 8.00 55.00 3.00 7.00 2.00 1.00 18.00 5.00 82 (1) >7 5O 
10(1. ((0 8.0(1 55.00 3.00 7.00 2.00 2.00 1K00 5.00 h' 0)) 17 5)) 
1)(1.0(1 8.00 55.00 3.00 7.00 2.00 3.00 16.00 4.0)) sl 0)) 51) 00 
100.00 8.00 55.00 3.00 7.00 2.00 4.00 1(6. UO 3.50 5.1.90 51> 2') 
100.00 8.00 55.00 3.00 7.00 2.00 6.00 14.00 4.00 51,00 SO nu 
1 UU. 00 8.00 55.00 3.00 7.00 2.00 8.00 12.00 4.00 88 0)) SO nu 
100.00 8.00 55.00 3.00 7.00 2.00 10.00 12.00 4.00 s, SO 00 
100.00 8.00 55.00 3.00 7.00 5.00 1.00 16.00 4.00 54. (18) 50 (8) 
100.00 8.00 55.00 3.00 7.00 5.00 2.00 16.00 4.00 8.3.0)) 50(11) 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, `%c 
S/R 
(PTB) 
WIC 
s. 
°C Time, min min PPM 'Vater, Flo SIR 
(I'TB) 
\V/C (Srl ýlý Ti, 
1 (N). OU 8.00 55.00 3.011 7.00 5.00 3.00 16.00 3.00 8-i Oo 62.5u 
100. O0 8.00 55.00 3.00 7.00 5.00 4.00 14.00 3.00 ti0_00 62 5u 
100.00 8.00 55.00 3.00 7.00 5.00 6.00 12.00 4.00 81 S. 00 50.00 
100.0O 8.00 55.00 3.00 7.00 5.00 8.00 12.00 4.00 s. u() 50.00 
100.00 8.00 55.00 3.00 7.00 5.00 10.00 12.00 3.00 89.00 62.50 
100.00 8.00 55.00 3.00 7.00 8.00 1.00 16.00 4.00 84.00 50.000 
100.00 8.00 55.00 3.00 7.00 8.00 2.00 16.00 3.00 84.00 62.50 
100.00 8.00 55.00 3.00 7.00 8.00 3.00 14.00 2.00 86.00 75.00 
100.00 8.00 55.00 3.00 7.00 8.00 4.00 14.00 1.00 86.00 87.50) 
10(1.0O 8.00 55.00 3.00 7.00 8.00 6.00 14.00 4.00 80.00 50.00 
100.00 8.00 55.00 3.00 7.00 8.00 8.00 12.00 3.00 88.00 67.50 
100.00 8.00 55.00 3.00 7.00 8.00 10.00 12.00 3.00 hs. 00 (, 2_ßu 
100.00 8.00 55.00 3.00 7.00 10.00 1.00 18.00 4.00 82.00 50,00 
100. O0 8.00 55.00 3.00 7.00 1(). 00 2.00 16.00 3.00 8.1.00 6' 5n 
1oO. U0 8.00 55.00 3.00 7.00 10.00 3.00 16.00 1.00 84.00 87.50 
100.00 8.00 55.00 3.00 7.00 1O. 00 4.00 14.00 1.00 86.01 87.50 
1()0.0O 8.00 55.00 3.00 7.00 10.00 6.00 14.00 3.00 86.00 02 SO 
100.00 8.00 55.00 3.00 7.00 10.00 8.00 14.00 3.00 86.00 62 Su 
]()O. 00 8.00 55.00 3.00 7.00 10.0O 10.00 13.00 ß. 00 87.00 (, _. 50 
100.00 8.00 55.00 3.00 7.00 12.00 1.00 18.00 2.00 S? _Im 75 00 
10(). (10 8.00 55.00 3.00 7.00 12.00 2.00 18.00 2.00 82.0 u 71 un 
100.00 8.00 55.00 3,00 7.00 12.00 3.00 16.00 1.00 8.1.0x0 87 50 
1OO. OO 8.00 55.00 3.00 7.00 12.00 4,00 16.00 1.00 8.1.0x0 87 SO 
100.00 8.00 55.00 3.00 7.00 12.00 6.00 15.00 1.00 85.00 (12 SO 
100.00 8.00 55.00 3.00 7.00 12.00 8.00 15.00 3.0)) 85.00 6,2 50 
100.00 8.00 55.00 3.00 7.00 12.00 10.00 14.00 2.00 80.00 7.00 
OO. OO 8.0O 55.00 3.00 7.00 15.00 1.00 20.00 ?. OO 80.00 7s (lu 
1()(). (1(1 8.00 55.00 3.00 7.00 15.00 2.00 20.00 2.00 8000 75 U)) 
100.00 21.00 55.00 3.00 7.00 15.00 1.00 18.00 2.00 n2 tl(I 75 (RI 
100.00 5.00 55.00 3.00 7.00 15.00 4.00 17.00 2.00 51 0n0 7, nu 
100.00 5.00 55.00 3.00 7.00 15.0(1 6.00 16.00 1.75 54. (X) 75 I 
100.00 8.00 55.00 3.00 7.00 15.00 8.00 15.00 1.75 t5 (III 78.1 ) 
1()0.00 8.00 55.00 3.00 7.00 15.00 10.00 15.00 1.90 550)) 76 2S 
100.00 8.00 55.00 3.00 9.00 1.0O 1.00 15.00 6.00 82 nu 25.1)0 
IO0. O0 5.00 55.00 3.00 9.00 1.00 2.00 16.00 6.00 5400 2S_00 
101). (1(1 5.00 55.00 3.00 9.00 1.00 3.00 16.0(1 5.5() 1.1. (11) (I 1. i 
100.00 5.00 55.00 3.00 90)) 1.00 4.00 16.00 5.00 54.00 17 50 
100. ()0 5.00 55.00 3.00 9.00 1.00 6.00 14.00 5.00 sn. 00 17 so 
10(1. ()0 5.00 55.00 3.00 9.00 1.00 8.00 12.00 4.50 x t. (In 1(7" 
00.00 8.00 55.00 3.00 9.00 1.0(1 10.15) 12.00 4.50 "'Sr 00 4 7S 
1(1O. 00 5. UO 55.00 3.00 9.00 2.00 1.00 16.00 5.50 54 00 11 25 
1(10. (1)) 8.00 55.00 3.00 9.00 2.00 2.00 16.00 5.00 5.3.00 17 ýn 
00.00 5.00 55.00 3.00 9.00 2.00 3.00 15.0(1 5.15) 55.00 17511 
100. O0 5.00 55.00 3.00 9.00 2.00 4. (5) 15.00 4.50 55 00 I 75 
1O0. O0 5.00 55.00 3.00 9.00 2.00 6.00 13.0)) 4.50 57 0)) .1 (75 
100.00 5.00 55.00 3.00 9.00 2.00 5.00 12.00 4.50 55.00 .1 t7) 
1(10.0O 5.00 55.00 3.00 9.00 2.00 10.00 12.00 4.00 15 . 111) 
50U5I 
100.00 5.00 55.00 3.00 9.00 5.00 1.00 16.00 5.00 51 00 i7 S0 
100. OO 5.01) 55.00 3.00 9.00 5.00 2.00 15.00 4.5 SS. IIU -13.75 
100.0)) 5. (10 55.00 3.00 9.00 5.00 3.00 14. (1(1 4.50 80,00 . 1; 75 1(1(1. (1O 5.00 55.00 3.00 9.00 5.00 4.00 14.00 4.0(1 5015) 5u 00 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, % 
SIR 
(I"FB) 
W/C 
(ýýol 
"C Time, min min PPNI Water, % S/R 
WHO 
ýV/C (7) 
0O. 00 8.00 55.00 3.00 9.00 5.00 6.00 12.00 4.00 S8,00 SDJS( 
100.0() 8.00 55.00 3.00 9.00 5.00 8.00 12.00 4.00 55. lu) 50.00 
100.00 8.00 55.00 3.00 9.00 5.00 10.00 10.00 3.50 90.00 56.25 
100.00 8.00 55.00 3.00 9.00 8.00 1.00 14.00 5.00 86.00 37.50 
100.00 8.00 55.00 3.00 9.00 8.00 2.00 14.00 4.00 90.00 50.00 
100. O0 8.00 55.00 3.00 9.00 8.00 3.00 12.00 4.00 88.00 5iMD 
100.00 8.00 55.00 3.00 9.00 8.00 4.00 12.00 3.50 88.00 56.2S 
10O. 00 8.00 55.00 3.00 9.00 8.00 6.00 12.00 3.50 88.00 SD 25 
100.00 8.00 55.00 3.00 9.00 8.00 8.00 10.00 3.00 90.00 62. SD 
100.00 8.00 55.00 3.00 9.00 8.00 10.00 10.00 3.00 90.00 02's() 
100.00 8.00 55.00 3.00 9.00 10.0O 1.00 16.00 4.50 8-1.00 -13.75 
100.00 9.00 55.00 3.00 9.00 10.00 2.00 14. (1(1 3.00 86.00 67. SO 
O0.00 8.00 55.00 3.00 9.00 1O. 00 3.00 13.00 3.00 87,00 D2. SU 
100.00 8.00 55.00 3.00 9.00 1O. 00 4.00 13.00 3.00 87,00 112.5)) 
10O. 00 8.00 55.00 3.00 9.00 10). 00 6.00 13.00 3.00 s7 DU 62 5n 
100.00 8.00 55.00 3.00 9.00 1(). 00 8.00 12.00 3.00 Sit 00 0-) O 
100.00 8.00 55.00 3.00 9.00 10.01) 10.00 12.00 3.00 55. U() 62 SD 
1OO. 00 8.00 55.00 3.00 9.00 12.00 1.00 16.00 4.50 5-1.011 .11.7S 
100.00 8.00 55.00 3.00 9.00 12.00 2.00 15.00 3.50 Sß. 00 S(, '5 
1()(). 00 8.00 55.00 3.00 9.00 12.00 3.00 14.00 3.50 56. lX 56.25 
100.00 8.00 55.00 3.00 9.00 12.00 4.00 14.00 1.50 HD. 00 sß, '5 
100.00 8.00 55.00 3.00 9.00 12.00 6.00 14.00 1.00 56 DU 02 5)) 
100.00 8.00 55.00 3.00 9.00 12.00 8.00 13.00 1.00 157 DU 01 5u 
11)0.00 8.00 55.00 3.00 9.00 12.00 1(1. (10 13.00 3.00 57.00 02 5)) 
100.00 8.00 55.00 3.00 9.00 15.00 1.00 18.00 5.00 52 Uu (7 5u 
10)O. 00 8.00 55.00 3.00 9.00 15.00 2.00 16.00 4.50 181.100 1 t7ý 
1O0.0(1 8.00 55.00 3.00 9.00 15.00 3.00 16.00 4.00 S-l lp) SO (I) 
1(10. O0 8.00 55.00 3.00 9.00 15.00 4.00 14.00 4.00 86 00 5)). 00 
100.00 8.00 55.00 3.00 9.00 15.00 6.00 14.00 4.00 156 nu S(), ()() 
100.00 9.00 55.00 3.00 9.00 15.00 8.00 14.00 4.00 WOO S000 
1(1(1.00 8.00 55.00 3.00 9.00 15.00 10.00 14.00 3.50 80.00 SO -'s 
1(1(1.00 8.00 70.00 1.00 1.00 1.00 1.00 40.00 5.00 0000 VI SO 
10(1.00 8.00 70.00 1.00 1.00 1.00 2.00 40.00 4.75 60.00 40 0i 
1O0.00 8.00 70.00 1.00 1.00 1.00 3.00 38.0(1 4.50 62.00 "13.75 
I 00.00 8.00 70.00 1.00 1.00 1.00 4.00 35.00 4.50 6S. DU . 1; 7S 
1()0. (10 8.00 70.00 1000 1.00 1.00 6.00 35.00 4.00 65.13)) >u un 
100.00 K. 00 70.00 1.00 1.00 1.00 8.1)0 32.00 4.00 68.00 5)05) 
OO. 00 8.00 70.00 1.00 1.00 1.00 10.00 12.00 1.75 08.00 5i1i 
100.00 8.00 70.00 1.00 1.00 2.00 1.00 40.00 4.5(1 00,00 'I; 75 
100.00 8.00 70.00 1.00 1.00 2.00 2.00 40.00 4.50 6(1. (1 1; 7S 
100.00 8.00 70.00 1.00 1.00 2.00 3.00 38.00 3.80 02. U)) 52 So 
UU. 00 8.0O 70.00 1.00 1.00 2.00 4.00 35.00 3.75 6S. UD SiII 
100 . 00 
8.00 70.00 1.00 1.00 2.00 6.00 30.00 3.50 7U ((U SD 25 
1OO. 00 8.00 70.00 1.00 1.00 2.00 8.00 30.0)(1 3.50 71i. UD fir, 25 
100.00 8.00 70.00 1.00 1.00 2.00 10.00 30.00 3.50 711.151 Sß, 
10(1. O0 8.00 70.00 1.00 1.00 5.00 1.00 38.00 4.00 02 un SD nn 
11)0.00 8.00 70.00 1.00 1.00 5.00 2.00 18.00 4.00 01 uu SO nu 
OO. 0O 8.00 70.0)(1 1.00 1.00 5.00 3.00 36.00 3.75 o1 nu 51)1 
IUO. 00 8.00 70.00 1.00 1.00 5.00 4.00 32.00) 3.60 65 )5) 55 nu 
lUf). OU 8. OO 70.00 1.00 1.00 5.00 6.00 30.00 3.20 7u uO 60.00 
1O0.00 8.00 70.00 1.00 1.00 5.00 8.00 31). 00 3.0((1 70.00 62.50 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, 
S/R W /C "(' Time, min min YI'NI Water, '7c S/R TIZ 
1(1O. (1O 8.00 70.00 1.00 1.00 5. ()0 10.00 -18.00 
1.00 72.6(1 0,2_ßu 
100.00 8.00 70.00 1.00 1.00 8.00 1.00 36.00 3.50 6400 56.25 
100.00 8.00 70.00 1.00 1.00 8.00 2.00 33.00 3. '_U 67.00 60.00 
100.00 8.00 70.00 1.00 1.00 8.00 3.00 33.00 3.00 67.00 62.50 
100.00 8.00 70.00 1.00 1.00 8.00 4.00 30.00 3.00 70.00 62.50 
100.00 8.00 70.00 1.00 1.00 8.00 6.00 30.00 2.75 70.00 65.6 
100.00 8.00 70.00 1.00 1.00 8.00 8.00 26.00 2.75 74.00 05.6; 
100.00 8.00 70.00 1.00 1.00 8.00 10.00 26.00 2.50 74.0u0 08,75 
100.00 8.00 70.00 1.00 1.00 10.0O 1.00 36.00 3.75 64.00 53.1 
100.00 8.00 70.00 1.00 1.00 10.00 2.00 35.00 3.60 65.00 55.01 
100.00 8.00 70.00 1.00 1.00 10.00 3.00 35.00 3.50 65.00 50. -15 
100.00 8.00 70.00 1.00 1.00 10.00 4.00 33.00 3.50 67.00 X6.25 
100.00 8.00 70.00 1.00 1.00 10.00 6.00 33.00 3.20 67.00 00.00 
10(). 00 8.00 70.00 1.00 1.00 10.00 8.00 28.00 3.00 72.00 02.50 
1(0.00 8.00 70.00 1.00 1.00 10.00 10.00 28.00 3.00 72.00 62 50 
100.00 8.00 70.00 1.00 1.00 12.00 1.00 40.00 3.75 60.00 3. I 
100.00 8.00 70.00 1.00 1.00 12.00 2.00 38.00 3.60 62.00 55 0) 
()0.00 8.00 70.00 1.00 1.00 12.00 3.00 36.00 3.60 64.00 S5,00 
100.00 8.00 70.00 1.00 1.00 12.00 4.00 36.00 3.60 0-100 55,00 
100.00 8.00 70.00 1.01) 1.00 12.00 6.00 34.00 3.5(1 0000 56-25 
100.00 8.00 70.00 1.00 1.00 12.00 8.00 30.00 3.20 70.003 60.00 
100.00 8.00 70.00 1.00 1.00 12.00 10.00 30.00 3 'O 70.00 60,00 
100.00 8.00 70.00 1.00 11.00 15.00 1.00 42.0)(1 4.00 58-010 50.18) 
100.00 8.00 70.00 1.00 1.00 15.00 2.00 40.0)(1 3.75 6000 53 1 
100.00 8.00 70.00 1.00 1.00 15.00 3.00 38.00 3.75 02.00 S3 1 
100.00 8.00 70.00 1.00 1.00 15.00 4.00 38.00 3.75 62.00 53.1 
100.00 8.00 70.00 1.00 1.00 15.00 6.00 36.00 3.60 0-100 SS, ()() 
100.00 8.00 70.00 1.00 1.00 15.00 8.00 36.00 1.50 6.1 00 SO 'i 
100.00 8.00 70.00 1.00 1.00 15.00 10.00 34.00 3.50 (06. OO 56 25 
88.00 7.00 70.00 1.00 3.00 1.00 1.00 38.00 4.00 56.82 -12.86 
88.00 7.00 70.00 1.00 3.00 1.00 2.00 38.00 4.00 56.82 12 SO 
88.00 7.00 70.00 1.00 3.00 1.00 3.00 36.00 3.50 59.01) 50.00 
88.00 7.00 70.00 1.00 3.00 1.00 4.00 33.00 3.50 62.50 50,00 
88.00 7.00 70.00 1.00 3.00 11.00 6.00 33.00 3.00 62.50 57_ 1-1 
83.00 7.00 70.00 1.00 3.00 1.00 8.00 30.00 3.00 65.91 571.1 
88.00 7.00 70.00 1.00 3.00 1.00 10.00 30.00 3.00 (>,. el S7 1-1 
KK. 00 7.00 70.00 1.00 3.00 2.00 I. 00 38.00) 3.50 56.82 S0. ni) 
88.00 7.00 70.00 1.00 3.00 2.00 2.00 38.00 3.50 5 ,. S'? ;u uO 
K8.00 7.00 70.00 1.00 3.00 2.00 3.00 16.0O 3.00 0 O9 57 1-1 
88.00 7.00 70.00 1.00 3.00 2.00 4.00 33.00 3.00 (, 2 Su 57 1-1 
8}{. 00 7.00 70.00 1.00 3.00 2.00 6.00 30.00 ?. 50 (>5.0I 0,. 1 '1) 
88.00 7.00 70.00 1.00 3.00 2.00 8.00 30.00 2.50 6,. 01 0.1.25) 
88.00 7.00 70.00 1.00 3.00 2.00 10.00 28,00 2.00 WAS 71 11 
88.00 7.00 70.00 1.00 3.00 5.00 1.00 36.00 3.00 59.09 57.11 
83.00 7.00 70.00 1.00 3.00 5.00 2.00 36.00 3.00 59.09 57.1-1 
88.00 7.00 70.00 1.00 3.00 5.00 3.00 36.00 3.00 59.09 ; 71-1 
88.00 7.00 70.00 1.00 3.00 5.00 4.00 32.00 2.50 03.64 04_2>) 
88.00 7.00 70.00 1.00 3.00 5.00 6.00 30.00 2.00 OS ') 1 71 . 1; 
88.00 7.00 70.00 1.00 3.00 5.00 8.00 30.00 2. O0 OS. 91 71.03 
88.00 7.00 70.00 1.00 3.00 5.00 10.00 28.00 2.00 68.18 71.43 
88.00 7.00 70.00 1.00 3.00 8.00 1.00 14.001 3.00 61.. 36 57.14 
88.0(1 7.00 7O. 00 1.00 3.00 8.00 2.00 33.00 3.00 02.50 X7.14 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, % 
S/R 
(PTB) 
%V/C 
cO 
"C Time, ºnin min PPM Water, 4c SIR 
(trtý) 
W/C (an) 711 T 112 
$8.00 7.00 70.00 1.00 3.00 8.00 3.00 i 3.00 2.50 02 ,u 01 _') 
88.00 7.00 70.00 1.00 3.00 8.00 4.00 30.00 2.50 63.91 64.29 
88.00 7.00 70.00 1.00 3.00 8.00 6.00 28.00 2.00 68.18 71.43 
88.00 7.00 70.00 1.00 3.00 8.00 8.00 28.00 2.00 68.18 71.43 
88. UO 7.00 70.00 1.00 3.00 8.00 10.00 28.00 1.75 68.18 75.00 
88.00 7.00 70.00 1.00 3.00 10. O0 1.00 34.00 3.50 61.36 50.000 
ss. 00 7.00 70.00 1.00 3.00 1O. 00 2.00 34.00 3.00 61.36 57.14 
88.00 7.00 70.00 1.00 3.00 10.00 3.00 33.00 2.50 62.50 64.29 
88. ()0 7.00 70.00 1.00 3.00 10.00 4.00 33.00 2.00 62 50 71.41 
88.00 7.00 70.00 1.00 3.00 10.00 6.00 32.00 2.00 63.64 71.43 
88.00 7.00 70.00 1.00 3.00 10.00 8.00 30.00 2.00 65.91 71,43 
88.00 7.00 70.00 1.00 3.00 10.00 10.00 30.00 1.75 65.91 75.00 
88.00 7.00 70.00 1.00 3.00 12.00 1.00 26.00 3.50 59.09 50.00 
88.00 7.00 70.00 1.00 3.00 12. O0 2.00 34.00 3.50 61.36 511.00 
88.00 7.00 70.00 1.00 3.00 12.00 3.00 34.00 3.00 61.36 57.1-1 
88.00 7.00 70.00 1.00 3.00 12.00 4.00 32.00 2.50 6;, 6 1 04-") 
88.00 7.00 70.00 1.00 3.00 12.00 6.00 32.00 2.40 63.6.3 6; _71 
88.00 7.00 70.00 1.00 3.00 12.00 8.00 32.00 2.20 61.64 68 57 
88.00 7.00 70.00 1.00 3.00 12.00 10.0O 32.00 2.00 63.64 71.13 
88.00 7.00 70.00 1.00 3.00 15.00 1.00 37.00 4.00 57.95 -1-1.80 
88.00 7.00 70.00 1.00 3.00 15.00 2.00 37.00 3.50 57.95 Su n0 
88.00 7.00 70.00 1.00 3.00 15.00 3.00 36.00 3.00 59.09 X7.14 
88.00 7.00 70.00 1.00 3.00 15.00 4.00 34.00 2.60 01.11 02 81, 
88.00 7.00 70.00 1.00 3.00 15.00 6.00 34.00 2.50 01.36 1.1.29 
88.00 7.00 70.00 1.00 3.00 15.00 8.00 33.00 2.40 (25O (, 5.71 
88.00 7.00 70.00 1.00 3.00 15.00 10.00 33.00 2.00 62.50 71 z 
90.00 7.50 70.00 1.00 5.00 1.00 1.00 34.00 3.50 62.22 33.11 
90.00 7.50 70.00 1.00 5.00 1.00 2.00 14.00 3.50 62 22 st1; 
90.00 7.50 70.00 1.00 5.00 1.00 3.00 32.00 3.0(1 0-1 It WOO 
90.00 7.50 70.00 1.00 5.00 1.00 4.00 32.00 3.00 0.1 1-1 00,00 
90.00 7.50 70.00 1.00 5.00 1.00 6.00 32.00 2.50 6-1.44 66 07 
90.00 7.50 70.00 1.00 5.00 1.00 8.00 28.00 2.50 68.89 00 67 
90.00 7.50 70.00 1.00 5.00 1.00 10.00 28.00 2.50 68.89 66.67 
90.00 7.50 70.00 1.00 5.00 2.00 1.00 34.00 3.00 62.22 60.11 
90.00 7.50 70.00 1.00 5.00 2.00 2.00 32.00 3.00 64.4-1 60.00 
90.00 7.50 70.00 1.00 5.00 2.00 3.00 32.00 2.80 64.4-1 62.67 
90.00 7.50 70.00 1.00 5.00 2.00 4.00 32.00) 2.80 64.44 6-1,07 
90.00 7.50 70.00 1.00 5.00 2.00 6.00 30.00 2.50 66.67 66.67 
90.00 7.50 70.00 1.00 5.00 2.00 8.00 26.00 2.40 71.11 68 . 01)0 
90.00 7.50 70.00 1.00 5.00 2.00 10.00 26.00 2.25 71.1 1 70,00 
90.00 7.50 70.00 1.00 5.00 5.00 1.00 32.00 2.75 64.4.1 0;. 
90.00 7.50 70.0(( 1.00 5.00 5.00 2.00 30.00 2.75 66.67 1,1 . 11 
00.00 7.50 70.00 1.00 5.00 5.00 3.00 30.00 2.75 06.07 61.11 
00.00 7.50 70.00 1.00 5.00 5.00 1.00 28.00 2.50 68.89 06.67 
90.00 7.50 70.00 1.00 5.00 5.00 6.00 28.00 2.40 68.89 68.011 
90.00 7.50 70.00 1.00 5.00 5.00 8.00 26.00 2.25 71.11 70.00 
90.00 7.50 70.00 1.00 5.00 5.00 10.00 24.00 2.25 7313 7O. 0)) 
90.00 7.50 70.00 1.00 5.00 8.00 1.00 30.00 2.50 66.67 00.07 
90.00 7.50 70.00 I. 00 5.00 8.00 2.00 28.00 2.50 68 89 00,67 
90.00 7.50 70.00 1.00 5.00 8.00 3.00 28.00 2.25 O". - M 70,00 
90.01) 7.50 7000 1.00 5.00 8.00 3.00 26.00 2.25 71.11 70 0)) 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Etlidencics. % 
S/R 
V'1'ß 
W/C 
(%) 
"C Time, min min PPM Water, % S/R 
WHO 
r ýV/C (iý. ) Tli 
90.00 7.50 711.00 1.00 5.00 8.00 6.00 24.00 2.00 7,.; 1 73.33 
90.00 7.50 70.00 1.00 5.00 8.00 8.00 24.00 2.00 73.33 73.3; 
90.00 7.50 70.00 1.00 5.00 8.00 10.00 22.00 2.00 75.56 73.33 
90.00 7.50 70.00 1.00 5.00 10.00 1.00 34.00 2.75 6222 61.13 
90.00 7.50 70.00 1.00 5.00 10.00 2.00 32.00 2.50 64.44 (6.67 
90.00 7.50 70.00 1.00 5.00 10.00 3.00 32.00 2.40 64.41 Wei 00 
90.00 7.50 70.00 1.00 5.00 10.00 4.00 30.00 2.25 66.67 7038) 
90.00 7.50 70.00 1.00 5.00 10.00 6.00 30.00 2.25 66.67 70,00 
90.00 7.50 70.00 1.00 5.00 10.00 8.00 28.00 2.10 68.69 72.001 
90.00 7.50 70.00 1.00 5.00 10.00 10.00 26.00 2.10 71.11 72.00 
90.00 7.50 70.00 1.00 5.00 12.00 1.00 36.00 3.00 60,00 60.00 
90.00 7.50 70.00 1.00 5.00 12.00 2.00 34.00 3.00 62.22 00.00 
90.00 7.50 70.00 1.00 5.00 12.00 3.00 34.00 2.75 02.22 03.33 
90.00 7.50 70.00 1.00 5.00 12.00 4.00 32.00 2.50 64.44 (, (, _(, 7 
90.00 7.50 70.00 1.00 5.00 12.00 6.00 30.00 2.50 66.67 06.67 
90.00 7.50 70.00 1.00 5.00 12.00 8.00 30.00 2.40 66.67 08,001 
90.00 7.50 70.00 1.00 5.00 12.00 10.00 30.00 2.25 66.67 7000 
90.00 7.50 70.00 1.00 5.00 15.00 1.00 36.00 3.20 60. u8) 57;? 
90.00 7.50 70.00 1.00 5.00 15.00 2.00 34.00 3.00 (, '? 2 00,00 
90.00 7.50 70.00 1.00 5.00 15.00 3.00 34.00 3.00 (, 2 22 (, u uu 
90.00 7.50 70.00 1.00 5.00 15.00 4.00 34.00 2.75 (>2.22 01.11 
90.00 7.50 70.00 1.00 5.00 15.00 6.00 32.00 2.60 64.44 (, 5.3 
90.00 7.50 70.00 1.00 5.00 15.00 8.00 32.00 2.50 6-1_14 66.07 
90.00 7.50 70.00 1.00 5.00 15.00 1O. 00 31.00 2.50 05.56 66 07 
70.00 8.00 70.00 1.00 7.00 1.00 1.00 32.00 4.00 54? 9 511.111) 
70.00 8.00 70.00 1.00 7.00 1.00 2.00 32.00 4.00 5-1.20 >0OI) 
70.00 8.00 70.00 1.00 7.00 1.00 3.00 30.00 3.75 ý7 1-1 SI 
70.00 8.00 70.00 1.00 7.00 1.00 4.00 30.00 3.75 X7.14 5_t _I 
70.00 8.00 70.00 1.00 7.00 1.00 6.00 30.00 3.5)) 57.1-I i(,. _5 
70.00 8.00 70.00 1.00 7.00 1.00 8.00 28.00 3.25 v11.1)1) 59.35 
70.00 8.00 70.00 1.00 7.00 1.00 1O. 00 28.00 3.25 60.00 50_ 0) 
70.00 8.00 70.00 1.00 7.00 2.00 1.00 32.00 3.75 54.29 51)1 
70.00 8.00 70.00 1.00 7.00 2.00 2.00 32.00 3.50 S. 1 2>) 
70.00 9.00 70.00 1.00 7.00 2.00 3.00 32.00 3.50 5-1.2>) 56 2 
70.00 8.00 70.00 1.00 7.00 2.00 4.00 32.00 3.25 54.20 59 is 
70.00 8.00 70.00 1.00 7.00 2.00 6.00 30.00 3.25 ST I-; 5>). 1s, 
70.00 8.00 70.00 1.00 7.00 2.00 8.00 26.00 3 25 62.80 S0). t8 
70.00 8.00 70.00 1.00 7.00 2.00 10.00 26.00 3.00 (>2 511 
70.00 8.00 70.00 1.00 7.00 5.00 1.00 30.00 3.50 57.14 in 
70.00 8.00 70.00 1.00 7.00 5.00 2.00 30.00 3.25 57.14 5008 
70.00 8.00 70.00 1.00 7.00 5.00 3.00 28.00 3.25 60.00 51) )8 
70.00 8.00 70.00 1.00 7.00 5.00 4.00 26.00 3.25 62180 5v 18 
70.00 8.00 70.00 1.00 7.00 5.00 6.00 26.00 3.00 02.86 02 311 
70.00 8.00 70.00 1.00 7.00 5.00 8.00 24.00 3.00 65 71 0250 
70.00 8.00 70.00 1.00 7.00 5.00 10.00 22.00 3.00 68.57 02.5)) 
70.00 8.00 70.00 1.00 7.00 8.00 1.00 28.00 3.25 60,00 >9 z8 
70.00 8.00 70.00 1.00 7.00 8.00 2.00 24.00 3.25 05.71 X0.18 
70.00 8.00 70.00 1.00 7.00 8.00 3.00 24.00 3.00 65.71 
70.00 8.00 70.00 1.00 7.00 8.00 4.00 22.00 3.00 68.57 02.5)1 
70.00 8.00 70.00 1.00 7.00 8.00 6.00 22.00 3.00 0857 62 SO 
70.00 8.00 70.00 1.00 7.00 8.00 8.00 20.00 2.75 71.43 65.63 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, 
_% 
S/R W/C °C Time, inin min PPM Water, ' S/R 
IPTBI 
7O. UO 8.1$) 7(). OO 1.00 7. (IO 8. (1) 10.00 0.0(1 2.75 71 , o> t 
70.00 8.00 70.00 1.00 7.00 10.00 1.00 30.00 3.75 57.14 53.13 
70.00 8.00 70.00 1.00 7.00 10.00 2.00 24.00 3.50 65.71 56.25 
70.00 8.00 70.00 1.00 7.00 10.00 3.00 24.00 3.50 65.71 X6. -15 
70.00 8.00 70.00 1.00 7.00 10.00 4.00 24.00 3.25 65.71 59.38 
70.00 8.00 70.00 1.00 7.00 10.00 6.00 22.00 3.25 68.57 59.38 
70.00 8.00 70.00 1.00 7.00 10.00 8.00 22.00 3.00 68.57 62.5)) 
70.00 5.00 70.00 1.00 7.00 10.00 10.00 22.0(1 3.00 6857 62.51) 
70.00 8.00 70.00 1.00 7.00 12.00 1.00 32.00 3.75 54'9 5). 13 
70.00 8.00 70.00 1.00 7.00 12.00 2.00 30.00 1.50 57.14 56.25 
70.00 8.00 70.00 1.00 7.00 12.00 3.00 30.00 3.50 57.14 56.75 
70.00 8.00 70.00 1.00 7.00 12.00 4.00 28.00 3.40 00.00 57.5)) 
70.00 8.00 70.00 1.00 7.00 12.00 6.00 28.00 3.25 60.00 59.38 
70.00 8.00 70.00 1.00 7.00 12.00 8.00 26.00 3.25 62.86 59.18 
70.00 8.00 70.00 1.00 7.00 12.00 10.00 26.00 3.1(1 62' 86 61 25 
70.00 8.00 70.00 1.00 7.00 15.00 1.00 32.00 3.90 5.129 5125 
70.00 8.00 70.00 1.00 7.00 15.00 2.00 3100 3.75 5.1.29 53.11 
70.00 8.00 70.00 1.00 7.00 15.00 3.00 32.00 3.75 54.29 53.1 t 
70.00 8.00 70.00 1.00 7.00 15.00 4.00 30.00 3.50 57.14 56.25 
70.00 8.00 70.00 1.00 7.00 15.00 6.00 30.00 3.50 57.14 56.25 
70.00 8.00 70.00 1.00 7.00 15.00 8.00 28.00 3.40 00.0)) 57.50 
70.00 8.00 70.00 1.00 7.00 15.00 10.00 26.00 3.25 6-1.86 59 (8 
85.00 8.00 70.00 1.00 9.0(1 1.00 1.00 30.00 6.00 6-1.71 25.00 
85.00 8.00 70.00 1.00 9.00 1.00 2.00 30.00 5.50 0471 ;1 -'S 
85.00 8.00 70.00 1.00 9.00 1.00 3.00 24.00 5.00 71.70 (7 SO 
85.00 8.00 70.00 1.00 9.00 1.00 4.00 24.00 5.00 71.76 37 SO 
85.00 8.00 70.00 1.00 9.00 1.00 6.00 22.00 4.75 7.1.12 . 00 0) 
85.00 8.00 70.00 1.00 9.00 1.00 8.00 22.00 4.75 74.12 40.0 
85.00 8.00 70.00 1.00 9.00 1.00 1 0.00 20.00 4.75 76.47 -1001 
85.00 8.00 70.00 1.00 9.00 2.00 1.00 30.00 6.00 0-1.71 25 00 
85.00 8.00 70.00 1.00 9.00 2.00 2.00 28.00 5.25 670x, 1.1.1$ 
85.00 8.00 70.00 1.00 9.00 2.00 3.00 24.00 5.00 71.76 (7.511 
95.00 8.00 70.00 1.00 9.00 2.00 4.00 24.00 4.75 71.76 40,6; 
85.00 8.00 70.00 1.00 9.00 2.00 6.00 22.00 4.75 74.12 4001 
85.00 8.00 70.00 1.00 9.00 2.00 8.00 21 0. O0 4.50 70.47 43.71 
85.00 8.00 70.00 1,00 9.00 2.00 10.00 20,00 4.50 70.47 4) 7S 
8.00 70.00 1.00 9.00 5.00 1.00 28.00 5.75 67.06 28 It 
5.00 70.00 1.00 9.00 5.00 2.00 28.00 5.00 (, 7. (I(, 37.50 
5o 8.00 70.00 1.00 9.00 5.00 3.00 22.00 4.80 74.1-1 . 10.10) 
8.00 70.00 1.00 9.00 5.00 4.00 22.00 4.80 71.12 1(1. (10 
r 
8.00 70.00 1.00 9.00 5.00 6.00 22.00 4.75 74.12 4(1.63 
8.00 70.00 1.00 9.00 5.00 8.00 20.00 4.25 76.47 46.88 
8.00 70.00 1.00 9.00 5.00 10.00 20.00 4.25 76.47 46 $8 
. 
00 8.00 70.00 1.00 9.00 8.00 1.00 226.00 5.25 69.4 1 14.38 
85.00 8.00 70.00 1.00 9.00 8.00 2.00 24.00 5.00 71.76 37 5)) 
85.00 8.00 70.00 1.00 9.00 8.00 3.00 22.00 4.25 74.12 46, S8 
85.00 8.00 70.00 1.00 9.00 8.00 4.00 20.00 4.25 76.47 40,88 
}iß. 00 8.00 70.00 1.00 9.00 8.00 6.00 18.00 4.25 78.82 46.88 
}{5.0() 21.01) 70.00 1.00 9.00 8.00 8.00 18.00 4.00 78.82 5)) 0)) 
85.00 8.00 70.00 1.0O 9.0() 8.00 10.0O 16.00 4.00 81.18 
95.00 8.00 70.00 1.00 9.00 10.00 1.00 26.01) 5.40 69.41 
Ld 
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Initial 
temperature Settling Mixin Chemical Dil i 
Final Efficiencies, 7 g, ut on 
S/R 
(P7B) 
1V/C 
%) 
°(; Time, min min PYsi Water, % S/R 
(PTK) 
ýV/L ( iol Ili 712 
85.00 8.00 70.00 1.00 9.00 10.00 2.0O 25.00 5 25 70SQ ß. 1 is 
85.00 8.00 70.00 I. 00 9.00 10.00 3.00 24.00 4.75 71.76 41.63 
85.00 8.00 70.00 1.00 9.00 10.00 4.00 24.00 4.75 71.76 40.63 
85.00 8.00 70.00 1.00 9.00 10.00 6.00 22.00 4.75 74.12 40.63 
85.00 8.00 70.00 1.00 9.00 10.00 8.00 20.00 4.50 76.47 43.75 
85.00 8.00 70.00 1.00 9.00 10.00 10.00 18.00 4.50 78.82 43.75 
85.00 8.00 70.00 1.00 9.00 12.00 1.00 28.00 5.50 67.06 31.25 
85.00 8.00 70.00 1.00 9.00 12.00 2.00 26.00 5.50 69.41 31.25 
85.00 9.00 70.00 1.00 9.00 12.00 3.00 26.00 5.25 69.41 14.3s 
85.00 8.00 70.00 1.00 9.00 12.00 4.00 25.00 5.35 70.59 33.13 
85.00 8.00 70.00 1.00 9.00 12.00 6.00 24.00 5.00 71.76 37.50 
85.00 8.00 70.00 1.00 9.00 12.00 8.00 22.00 4.75 74.12 -11.61 85.00 8.00 70.00 1.00 9.00 12.00 10.00 22.00 4.75 74.12 40.63 
85.00 8.00 70.00 1.00 9.00 15.00 1.00 28.00 5.75 67.06 28.13 
85.00 8.00 70.00 1.00 9.00 15.00 2.00 28.00 5.75 67.06 28.11 
85.00 8.00 70.00 1.00 9.00 15.00 3.00 28.00 5.50 67.06 3I '5 
85.00 8.00 70.00 1.00 9.00 15.00 4.00 26.00 5.50 6941 3125 
85.00 8.00 70.00 1.00 9.00 15.00 6.00 25.00 5.25 70.59 34.38 
K5.00 8.00 70.00 1.00 9.00 15.00 8.00 24.00 5.25 71.76 34.31 
85.00 8.00 70.00 1.00 9.01) 15.00 10.00 23.00 4.75 72.94 10.63 
06.00 7.75 70.00 3.00 1.00 1.00 1.00 26.00 3.00 7192 01.29 
06.00 7.75 70.00 3.00 1.00 1.00 2.00 28.00 3.00 7081 61.2' 
96.00 7.75 70.00 3.00 1.00 1.00 3.00 26.00 2.75 72.12 6-1.52 
96.00 7.75 70.00 3.00 1.00 1.00 4.00 26.00 2.75 72.92 , 6. t 5_ 
96.00 7.75 70.00 3.0O 1.00 1.00 6.00 24.00 2.50 75.00 x, 7.71 
96.00 7.75 70.00 3.00 1.00 1.00 8.00 24.00 2.50 75 00 67 71 
96.00 7.75 70.00 3.0O 1.00 1.00 10.00 22.01) 2.25 77.08 
. 
70.97 
96.00 7.75 70.00 3.00 1.00 2.00 1.00 26.00 3.00 72.92 01.21) 
96.00 7.75 70.00 3.00 1.00 2. OU 2.00 28.00 2.90 70.83 62.5 
96.00 7.75 70.00 3.00 1.00 2.00 3.00 26.00 2.75 72.92 6-1.52 
06.00 7.75 70.00 3.00 1.00 2.00 4.00 26.00 2.60 72.92 66.45 
96.00 7.75 70.00 3.00 1.00 2.00 6.00 22.00 2.40 77.08 69 01 
96.00 7.75 70.00 3.00 1.00 2.00 8.00 22.00 2.40 77.08 
, 
(0) nt 
96.00 7.75 70.00 3.00 1.00 2.00 10.00 22.00 2.25 77.1111 70.97 
96.00 7.75 70.00 3.00 1.00 5.00 1.00 24.00 2.75 75 (8) 04 52 96.00 7.75 70.00 3.00 1.00 5.00 2.00 22.00 2.75 77.08 
. 
6152 96.00 7.75 70.00 3.00 1.00 5.00 3.00 22.00 2.60 77.08 66.45 96.00 7.75 70.00 3.00 1.00 5.00 4.00 20.00 2.60 79.17 
96.00 7.75 70.00 3.00 1.00 5.00 6.00 13.00 2.25 86.46 70 97 9600 7.75 70.00 3.00 1.00 5.00 8.00 13.00 2.25 46 86 
. 
70 97 96.00 7.75 70.00 3.00 1.00 5.00 10.00 14.00 2 20 
. 
42 85 
, 
71 61 96.00 7.75 70.00 3.0O 1.00 8.00 1.00 22.00 
. 
2 75 
. 
77 1)r 
. 
6 52 00 96 7 75 70 . . . . . . 00 3.00 1.00 8.00 2.00 20.00 2 50 79 17 67 7 I 96 00 7 75 . . . - . . 70.00 3.00 1.00 8.00 3.00 18 00 2 50 125 67 7 1 96 00 7 75 0 . . . - . 
00 96 
. 
7 75 
7 
. 00 3.00 1.00 8.00 4.00 16.00 2.50 ti 3. U 07.7-1 
. 
96 00 
. 
7 75 
70.00 
70 
3.00 1.00 8.00 6.00 16.00 2.25 83.3 3 70.97 
. 
96 00 
. 
7 75 
. 
00 3.00 1.00 8.00 8.00 18.00 2.00 81.25 7-). 11) 
. 
00 96 
. 
7 75 
70.00 
70 
3.00 1.00 8.00 10.00 18.00 2.00 81.25 74.19 
. 
96 00 
. 
7 75 
. 
0() 
70 0 
3.00 1.00 10.00 1.00 22.00 2.80 77.01, 63.117 
. 
96 00 
. 775 . 
0 3.00 1.00 10.00 2.00 20.00 2.75 70.17 64.52 
. 
96.00 7 75 
70.0() 
70 00 
3.00 1.00 10.00 3.00 20.00 2.60 71.17 66.45 
. . 3.00 1.00 10.0( 4.00 16.00 2.60 83.33 6645 
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Initial 
S/R W/C 
(t. rt; l ýýl 
Temperature 
'1C 
Settling 
Time, min 
Mixing, 
min 
Chemical 
PPM 
Dilution 
Vater, % 
Final 
s/IZ 
W/C (°1c) 
(P'ER) 
Efficiencies, % 
Tit T12 
96.00 7.75 7(), ()() ß. O0 I. l)O 10. (10 6.00 I0.0)) 2.5O s1 27, 07.74 
96.00 7.75 70.00 3.00 1.00 10.00 8.00 18.00 2.50 8125 67.74 
96.00 7.75 70.00 3.00 1.00 10.00 10.00 18.00 2.25 81.25 70.97 
96.00 7.75 70.00 3.00 1.00 12.00 1.00 20.00 2.90 79.17 62.50 
96.00 7.75 70.00 3.00 1.00 12.00 2.00 20.00 2.75 79.17 6-1.52 
96.00 7.75 70.00 3.00 1.00 12.00 3.00 18.00 2.75 81.25 64.52 
96.00 7.75 70.00 3.00 1.00 12.00 4.00 18.00 2.75 K1.25 64.52 
96.00 7.75 70.00 3.00 1.00 12.00 6.00 18.00 2.60 81.25 66.45 
96.00 7.75 70.00 3.00 1.00 12.00 8.00 13.00 2.60 86.46 60. -15 
96.00 7.75 70.00 3.00 1.00 12.00 10.00 13.00 2.50 86.46 67.74 
96.00 7.75 70.00 3.00 1.00 15.00 1.00 22.00 3.00 77.08 61 . 29 
96.00 7.75 70.00 3.00 1.00 15.00 2.00 24.00 2.90 75.00 62.55 
96.00 7.75 70.00 3.00 1.00 15.00 3.00 24.00 2.75 7S. 00 64.52 
96.00 7.75 70.00 3.00 1.00 15.00 4.00 22.00 2.75 77.0K 64.52 
96.00 7.75 70.00 3.00 1.00 15.00 6.00 21.00 2.75 70.13 64.52 
96.00 7.75 70.00 3.00 1.00 15.00 8.00 21.00 2.70 78.1 65.16 
96.00 7.75 70.00 3.00 1.00 15.00 10.00 20.00 2.60 79.17 06_-IS 
1O(). ()0 8.00 70.00 3.00 3.00 1.00 1.00 26.00 2.75 74.00 65.6) 
100.00 8.00 70.00 3.00 3.00 1.00 2.00 26.00 2.75 74.00 65.63 
100.00 8.00 70.00 3.00 3.00 1.00 3.00 25.00 2.50 75.00 60.75 
100.00 8.00 70.00 3.00 3.00 1.00 4.00 24.00 2.50 76.0)) 6K. 75 
100.00 8.00 70.00 3.00 3.00 1.00 6.00 22.00 2.25 78.01 71 SS 
100.00 8.00 70.00 3.00 3.00 1.00 8.00 22.00 2.25 7K. 00 7! 00 
100.00 8.00 70.00 3.00 3.00 1.00 10.00 22.00 2.20 78 00 72.50 
100.00 8.00 70.00 3.00 3.00 2.00 1.00 24.00 2.70 70.00 6625 
00.00 8.00 70.00 3.00 3.00 2.00 2.0O 24.00 2.90 70,00 63.75 
100.00 8.00 70.00 3.00 3.00 2.00 3.00 23.00 2.75 77.0)) 0,0; 
100.00 8.00 70.00 3.00 3.00 2.00 4.00 2 3.0O 2.60 77.00 07 50 
100.00 8.00 70.00 3.00 3.00 2.00 6.00 22.00 2.40 70.00 70.00 
10O. 00 8.00 70.00 3.00 3.00 2.00 8.00 21.00 2.40 79.00 70.00 
100.00 8.00 70.00 3.00 3.00 2.00 10.0O 21.00 2.25 79.00 71,88 
100.00 8.00 70.00 3.00 3.00 5.00 1.00 22.00 2.60 78.01 6750 
100.00 8.00 70.00 3.00 3.00 5.00 2.00 21.00 2.75 79.00 05.0 ) 
00.00 8.00 70.00 3.00 3.00 5.00 3.00 21.00 2.60 79.1)0 07 >u 
100.00 8.00 70.00 3.00 3.00 5.00 4.00 20.00 2.60 K)). 00 67 il) 
100.00 8.00 70.00 3.00 3.00 5.00 6.00 16.00 2.25 K-I 00 71,88 
100.00 8.00 70.00 3.00 3.00 5.00 8.00 16.00 2.25 94.00 71 tiK 
100.00 8.00 70.00 3.00 3.00 5.00 10.00 15.00 2.20 8S. 0U 72.5u 
100.00 8.00 70.00 3.00 3.00 8.00 1.00 21.0O 2.50 79.00 68,75 
00.00 8.10 70.00 3.00 3.00 8.00 2.00 I h. O0 2.50 82. n1) 68.75 
100.00 8.00 70.00 3.00 3.00 8.00 3.00 18.00 2.50 182.00 6s. 75 
100.00 8.00 70.00 3.00 3.00 8.00 4.00 17.00 2.50 83,00 ý, r. 7i 
100.0O 8.00 70.00 3.00 3.00 8.00 6.00 17. OO 2.25 03. )))) 7188 
E 100.00 8.00 70.00 3.00 3.00 8.00 8.00 15.00 2.00 85.00 75100 00.0O 8.00 70.00 3.00 3.00 8.00 10.00 15.00 2.00 85.00 7,0I) 
1(0.0O 8.00 70.00 3.00 3.00 10.00 1.00 23.00 2.75 77.000 65.6_) 
100.00 8.00 70.00 3.00 3.00 10.0O 2.00 22.00 2.75 70.0)) 05'03 
1O0.00 8.00 70.00 3.00 3.00 10.00 3.00 22.00 2.6(l 7ti 0)) 07 So 
100.00 8.00 70.00 3.00 3.0() 10.0(1 4.00 20.00 2.611 K)) 00 67 SO 
100.00 8.00 70.00 3.00 3.00 10.00 6.00 19.00 2.50 81.0O 60.75 
100.00 8.00 70.00 3.00 3.00 10.00 8.00 19.00 2.50 TI Ou 60.75 
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Initial 
S/R w/C 
(tYIB) % 
Temperature 
°C 
Settling 
Time, min 
Mixing, 
min 
Chemical 
PPM 
Dilution 
Water, 
Final 
S/R 
W/C 
(11,110 
Efficiencies, % 
'12 
011). O1) ~. 1111 70.00 ?. O() 3.00 1(1.1)11 IO. Oll 1~. 00 ' 25 8_u() 71. SS 
100.00 8.00 70. ()0 3.00 3. ()() 12.00 1.00 23.00 2.80 77.1)0 05 ()() 
100.00 8.00 70.00 3.00 3.00 12.00 2.00 22.00 2.75 78.00 65.63 
100.00 8.00 70.00 3.00 3.00 12.00 3.00 22.00 2.75 78.00 65.03 
100.00 8.00 70.00 3.00 3.00 12.00 -1.00 21.00 2.75 79.00 65.63 
100.00 8.00 70.00 3.00 3.00 12.00 6.00 20.00 2.60 80.00 67.50 
100.00 8.00 70.00 3.00 3.00 12.00 8.00 19.00 2.60 $1.00 67.50 
100.00 8.00 70.00 3.00 3.00 12.00 10.00 19.00 2.50 81.01 68.75 
100.00 8.00 70.00 3.00 3.00 15.00 1.00 25.00 2.80 75.00 65.00 
100.00 8.00 70.00 3.00 3.00 15.00 2.00 25.00 2.90 75.00 61.75 
100.00 8.00 70.00 3.00 3.00 15.00 3.00 24.00 2.75 76.00 65.63 
100.00 8.00 70.00 3.00 3.00 15.00 4.00 24.00 2.75 76.00 65.63 
100.00 8.00 70.00 3.00 3.00 15.00 6.00 22.00 2.75 78.001 65.61 
1O0.00 8.00 70.00 3.00 3.00 15.00 8.00 21.00 2.70 79.00 66.25 
1O(1.0(1 8.00 70.00 3.00 3.00 15.00 10.00 20.00 2.60 80.00 07 50 
10O. O0 8.00 70.00 3.00 5.00 1.00 1.00 24.00 1.80 76.00 77.50 
10(1.0O 8.00 70.00 3.00 5.00 1.00 2.00 22.00 1.75 78.00 78.1 t 
100.00 8.00 70.00 3.00 5.00 1.00 3.00 22.00 1.75 78.00 8.13 
100.00 8.00 70.00 3.00 5.00 1.00 4.00 21.00 1.50 79 00 81,2s 
00.00 8.011 70.00 3.00 5.00 1.00 6.00 20.00 1.00 80.1111 87.5(1 
1OO. 00 8.0() 70.00 3.00 5.00 1.00 8.00 20.00 1.00 80. (1(1 8750 
100.00 8.00 70.00 3.00 5.00 1.00 10.00 20.00 1.00 80.01 87 50 
1O(1. (1(1 8.00 70.00 3.00 5.00 2.00 1.00 24.00 1.75 76. (1(1 7811 
1OO. 00 8.00 70.00 3.00 5.00 2.00 2.00 21.00 1.50 71)1)0 81.25 
100.00 8.00 70.00 3.00 5.00 2.00 3.00 21.00 1.50 79,00 81 15 
100.00 8.00 70.00 3.00 5.011 2.00 4.00 20.00 1.25 S0 , 00 84. 
;8 
100. O0 8.00 70.00 3.00 5.00 2.00 6.00 20.00 1.25 80.00 84 (8 
100.00 8.00 70.00 3.00 5.00 2.00 8.00 11). 00 1.00 $1 0N0 87.50 
100.00 9.00 70.00 3.00 5.00 2.00 10.00 19.00 11.8(1 $1 OO 011(0 
1OO. 00 8.00 70.00 3.00 5.00 5.00 1.00 20.00 1.511 8))00 $1.2ý 
10O. 00 8.00 70.00 3.00 5.00 5.00 2.00 20.00 1.50 80.00 ttl _'5 
100.00 K. 0O 70.00 3.00 5.00 5.00 3.00 19.0O 1.25 81 nn 
100.00 8.00 70.00 3.00 5.00 5.00 4.00 18.00 1.25 82((0 8) 18 
100.00 8.00 70.00 3.00 5.00 5.00 6.00 14.00 1.0(1 86.00 87 50 
100.00 8.00 70.00 3.00 5.00 5.00 8.00 14.00 1.0)) 80.1)(1 87.51) 
100.00 8.00 70.00 3.00 5.00 5.00 10.00 14.01) 0.75 80(1(1 90,6 1 
O0.0() 8.00 70.00 3.00 5.00 8.00 1.00 18.00 1.00 8200 87.50 
100.00 8.00 70.00 3.00 5.00 8.00 2.00 16.00 1.00 8- 1,00 87.5)) 
100.0() 8.0)) 70.00 3.00 5.00 8.00 3.00 16.00 0.75 8.1.00 90.63 
10(I. UU n. UU 70.00 3.00 5.00 8.00 4.00 14.00 0.45 r(,. nO 9418 
100.00 8.00 70.00 3.00 5.00 8.00 6.00 10.00 0.45 90 uo 94. IS 
1O0.00 8.00 70.00 3.00 5.00 8.00 8.00 10.00 0.50 90.00 937's 
100.00 8.00 70.00 3.00 5.00 8.00 10.00 10.0(1 O. 5(1 90 00 01.75 
100.00 8.00 70.00 3.00 5.00 10.0)) 1.00 21.00 1.25 71)_ )U 84 , 
38 
100.00 8.00 70.00 3.00 5.00 1(1.00 2.00 16.00 1.00 8'4_00 87.500 
10(1. O0 8. OU 70.00 3.00 5.00 10.00 3.00 16.00 1 
. 
00 ß. 100 K7. Sn 
IUO. 0() 8.00 70.00 3.00 5.00 10.00 4.00 15.00 0.8)) SS, 00 lu) 90 
IO1). 00 8.00 70.00 3.00 5.00 10. O0 6.00 14.00 0.81) 80. )u) 90.00 
100.0() 8. OU 70.00 3.00 5.00 10.00 8.00 12.00 0.60 88.00 P SO 
1O(1.00 8. UO 70.00 3.00 5.00 10.00 10.00 12.00 0.50 SS. () 1); 7; 
IO(l. O(l K. OO 70.00 3.00 5.00 12.00 1.00 21.00 I. 25 79.00 8-1 tN, 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, ___ 
SIR 
(PTß) 
W/C 
(% 
°(- Time, min min PPM Water, % SDK 
i 
(hTB) 
(°ýo wic Y)( 112 
1OU, OU \. 111) 70.1111 ý. l)(1 5. Ull 11.00 1.00 I9.00 I. 25 $1 0(1 \-1 i8 
00.00 
1 
8.00 70.00 3.00 5.00 12.00 3.00 18.00 1.30 82.00 83.75 
100.00 8.00 70.00 3.00 5.00 12.00 4.00 16.00 1.00 84.00 87S0 
100.00 8.00 70.00 3.00 5.00 12.00 6.00 16.00 1.00 84.00 87.50 
100.00 8.0() 70.00 3.00 5.00 12.00 8.00 15.00 0.75 85.00 90.63 
100.00 8.00 70.00 3.00 5.00 12.00 10.00 15.00 0.75 85.00 90.63 
100.00 8.01) 70.00 3.00 5.00 15.00 1.00 22.00 1.50 78.00 81.25 
100.00 8.00 70.00 3.00 5.00 15.00 2.00 20.00 1.45 80,00 8 1.88 
100.00 8.00 70.00 3.00 5.00 15.00 3.00 20.00 1.40 80.00 82. ßn 
100.00 8.00 70.00 3.00 5.00 15.00 4.00 18.00 1.30 82.00 93.75 
100.00 8.00 70.00 3.00 5.00 15.00 6.00 16.00 1.25 84.00 84.38 
100.00 8.00 70.00 3.00 5.00 15.00 8.00 16.00 1.00 84.00 87.1) 
100.00 8.00 70.00 3.00 5.00 15.00 10.00 15.00 0.80 85.00 00.011 
100.00 8.00 70.00 3.00 7.00 1.00 1.00 18.00 4.50 82.00 43.75 
100.00 8.00 70.00 3.00 7.00 1.00 2.00 16.00 4.00 84.00 501 ))) 
100.0O 8.00 70.00 3.00 7.00 1.00 3.00 16.00 4.00 84.00 511.00 
100.00 8.00 70.00 3.00 7.00 1.00 4.00 14.00 3.75 86.00 53.13 
100.00 8.00 70.00 3.00 7.00 1.00 6.00 14.00 3.75 86.00 53.13 
100.00 8.00 70.00 3.00 7.00 1.00 8.00 14.00 3.50 86.10 56.25 
100.00 8.00 70.00 3.00 7.00 1.00 10.00 13.00 3.50 87.0)) 56 25 
100.00 8.00 70.00 3.00 7.00 2.00 1.00 16.00 4.25 8-1.00 -10.88 
100.00 8.00 70.00 3.00 7.00 2.00 2.00 16.00 4.00 84. )))) 5O uO 
100.00 8.00 70.00 3.00 7.00 2.00 3.00 15.00 3.80 885.0)) _>O 52 
1OO. OO 8.00 70.00 3.00 7.00 2.00 4.00 15.00 3.75 85.00 S; . 1t 
100.00 8.00 70.00 3.00 7.00 2.00 6.00 14.00 3.60 80.00 55. )))) 
1OO. OO 8.00 70.00 3.00 7.00 2.00 8.00 14.00 3.60 80. (1(1 55.110 
100.0O 8.01) 70.00 3.00 7.00 2.00 10.00 13.00 3.50 87.011 56 25 
1pO. O0 8.00 70.00 3.00 7.00 5.00 1.00 16.00 3.50 84.00 5n 25 
100.00 8.00 70.00 3.00 7.00 5.00 2.00 14.00 3.25 woo 50 18 
100.00 8.00 70.00 3.00 7.00 5.00 3.00 14.00 3.25 86.0u 5`1.38 
100.00 8.00 70.00 3.00 7.00 5.00 4.00 13.00 3.00 87.00 62 50 
1O0.00 8.00 70.00 3.00 7.00 5.00 6.00 13.00 2.75 87.00 05b; 
00.00 8.00 70.00 3.00 7.00 5.00 8.00 13.00 2.75 87.0)) 65 01 
100.00 8.00 70.00 3.00 7.00 5.00 10.00 13.00 2.50 87 1111 687 S 
100.00 8.00 70.00 3.00 7.00 8,00 1.00 13.00 3.00 87.0)) 0-150 
100.00 8.00 70.00 3.00 7.00 8.00 2.00 13.00 3.00 87.1111 62.511 
100.00 8.00 70.00 3.00 7.00 8.00 3.00 13.00 2.75 87.00 65.6, t 
100.00 8.00 70.00 3.00 7.00 8.00 4.00 9.00 2.25 01.00 71.8$ 
100.00 8.00 70.00 3.00 7.00 8.00 6.00 9.00 2.25 1)1.11(1 71.88 
100.00 8.00 70.00 3.00 7.00 8.00 8.00 13.00 2.50 87 00 68.75 
100.00 8.00 70.00 3.00 7.00 8.00 10.00 13.00 2.50 87.00 08.7 
100. (10 8.00 70.00 3.00 7.00 10.00 1.00 15.00 3.00 85.00 0'. 50 
100.00 ti. OO 70.00 3.00 7.00 1(1.00 2.00 13.0(1 3.00 87.00 6215O 
100.00 8.00 70.00 3.00 7.00 10.00 3.00 13.00 3.00 87.0 )) 02 5u 
100.0() 8.00 70.00 3.00 7.00 10.00 4.00 9.00 3.00 ß)I. (111 6?. 5(1 
101) 00 8.01) 70.00 3.00 7.00 10.00 6.00 13.00 2.75 87.00 1,5.01 
UO. UU 8.00 70.00 3.00 7.00 10.00 8.00 13.00 2.75 87 00 (, 5. (, 3 
100.00 8.00 70.00 3.00 7.00 10.00 10.00 14.00 2.50 80.00 68.75 
100.00 8.00 70.00 3.00 7.00 12.00 1.00 16.00 3.25 84.00 59.18 
1(10.0() 8.00 70.00 3.00 7.00 12.00 2.00 14.00 3.25 86.00 5') 18 
10O. 00 8.00 70.00 3.00 7.00 12.00 3.00 14.00 3.10 WOO 01.2s 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, 
S/R W/C °C Time, min min PPM Water, clö SIR 
(PTB) 111 
712 
1OU. OU 8.00 70.00 3. l)O 7.00 12,00 4.00 1 3. OO 3.00 5700 (7 5u 
100.00 8.00 70.00 3.00 7.00 12.00 6.00 13.00 3.00 87.00 62.50 
100.00 8.00 70.00 3.00 7.00 12.00 8.00 14.00 2.75 86.00 65.63 
100.00 8.00 70.00 3.00 7.00 12.00 10.00 14.00 2.75 86.00 05.63 
100.00 8.00 70.00 3.00 7.00 15.00 1.00 16.00 3.50 84.00 56 25 
10(). 0() 8.00 70.00 3.00 7.00 15.00 2.00 16.00 3.50 84.00 5h 25 
100.0() 8.00 70.00 3.00 7.00 15.00 3.00 14.00 3.25 86.00 59.8 
100.00 8.00 70.00 3.00 7.00 15.00 4.00 14.00 3.25 80.00 54.38 
100.00 8.00 70.00 3.00 7.00 15.00 6.00 13.00 3.25 87.00 59.38 
100.00 8.00 70.00 3.00 7.00 15.00 8.00 14.00 3.00 86.00 62.50 
100.00 8.00 70.00 3.00 7.00 15.00 10.00 14.00 3.00 86.00 62.50 
100.00 8.00 70.00 3.00 9.00 1.00 1.00 14.00 4.50 86.00 4;. 7S 
100.00 8.00 70.00 3.00 9.00 1.00 2.00 14.00 4.50 8(,. 00 41.75 
00.00 8.00 70.00 3.00 9.00 I. 00 3.00 13.00 4.25 87.00 40.88 
100.00 8.00 70.00 3.00 9.00 I. 00 4.00 13.00 4.25 87.00 40.85 
10O. 00 8.01) 70.00 3.00 9.00 1.0O 6.00 13.00 4.00 8700 50.18) 
10O. 01) {. l)O 70.00 3.00 9.00 I. 00 8.00 13.00 3.90 K7 (u) 51.2 
100.00 8.01) 70.00 3.00 9.00 I. 00 10.00 9.001 3.90 1)1.1) ]. -)S 
101). 00 8.00 70.00 3.00 9.00 2.00 1.00 13.00 4.25 87. (1 46.88 
100.00 8.00 70.00 3.00 9.00 2.00 2.00 9.00 4.00 91. ()1) 50.00 
100.00 8.00 70.00 3.00 9.00 2.00 3.00 9.00 4.00 1)1. (1 50.00 
100.00 8.00 70.00 3.00 9.00 2.00 4.00 8.70 3.75 91.30 53. I 
101) 0O 8.00 70.00 3.00 9.00 2,00 6.00 8.70 3.75 91.30 5I 
100.00 8.00 70.00 3.00 9.00 2.00 8.00 8.50 3.50 9[ SO ih 'S 
100.00 8.00 70.00 3.00 9.00 2.00 10. O0 8.50 1.50 oI So S0 , 2S 
I(>0.00 8.00 70.00 3.00 9.00 5.00 1.00 7.90 4.25 lý In 10.88, 
100.01) 8.00 70.00 3.00 9.00 5.00 2.00 7.00 4.00 92.40 S0L00 
100.00 8.00 70.00 3.00 9.00 5.00 3.00 7.20 3.75 02.80 51.1 
100.00 8.00 70.00 3.00 9.00 5.00 4.00 7.20 3.75 lý. 80 S .lt 
100.00 8.00 70.00 3.00 9.00 5.00 6.00 7.50 3.50 92.50 SO 2S 
1O0.00 8.00 70.00 3.00 9.00 5.00 8.00 7.70 3.20 92.0) 00 00 
IOU. 00 8.00 70.00 3.00 9.00 5.00 10.00 7.70 3,20 92.30 60.00 
1O0.00 8.00 70.00 3.00 9.00 8.00 1.00 7.50 3.75 92.50 51 1) 
100.01) 8.00 70.00 3.00 9.00 8.00 2.00 6.80 3.80 03.20 52.5)) 
101)00 8.00 70.00 3.00 9.00 8.00 3.00 6.60 3.75 1)3-0) 5i. Il 
100.0O K. 00 70.00 3.00 9.00 8.00 4.00 6.80 3.60 1)t_20 55.00 
100.00 8.00 70.00 3.00 9.00 8.00 6.00 6.90 3.20 911(1 6(1. (10 
1O0.00 8.00 70.00 3.00 9.00 8.00 8.00 7.00 3.10 93.00 0 12 S 
100.00 8.00 70.00 3.00 9.00 8.00 10.00 7.10 3.00 92.90 02 5n 
1O0.00 8.00 70.00 3.00 9.00 10.0O 1.00 8.10 3.70 1, ()() t 75 
100.00 8.0(1 70.00 3.00 9.00 1O. 00 2.00 7.00 3.75 l1.00 SzI 
100.00 8.00 70.00 3.00 9.00 10.00 3.00 6.90 3.75 93.10 l 
1(8) 00 8.01) 70.00 3.00 9.00 10. O0 4.00 6.90 3.00 1)3.1)) 02 SO 
100.00 8.00 70.00 3.00 9.00 10.00 6.00 7.00 3.00 113 00 02.5)) 
100.00 8.00 70.00 3.00 9.00 1 O. 00 8.00 7.20 3.00 92.80 02 SO 
1O0.00 H. 0O 70.00 3.00 9.00 1(1.00 10.00 7.30 3.00 02.70 62.5)) 
10O. OO ý. OO 70.00 3.00 9.00 12.00 1.00 8.30 4.00 91.70 ,u a) 
100.00 8.00 70.00 3.00 9.00 12.00 2.00 7.20 4.00 92 8)) 50.0)) 
100.00 8.00 70.00 3.00 9.00 12.00 3.00 7.00 4.00 )I (A) >0nu 
100.00 8.00 70.00 3.00 9.00 12.00 4.00 7.10 3.80 92. ßlO S_. 5)) 
10 ). 00 8.00 70.00 3.00 9.00 12.00 6. O0 7.10 1.75___ L)2 90 53.13 
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Initial 
Temperature Settling Mixing, Chemical Dilution 
Final Efficiencies, X70 
S/R 
(I'TB) 
W/C 
'ý) 
°C Time, min min PPM Vater, r1c. 5/R 
(t'TB) 
W/C 71, T12 
100. OU ß. 1)u 7O. OO 3. UO 9.00 12.00 18.00 7.4)) 1.75 O2,0) X3.17 
100.00 *0)) 70.00 3.00 9.00 12.00 10.00 7.5)) 3.50 
100.00 8.00 70.00 3.00 9.00 15.00 1.00 8.30 4.00 91.7)) 5)). 0) 
100.00 8.00 70.00 3.00 9.00 15.00 2.00 7.80 4.25 92.20 46.88 
100.00 8.0() 70.00 3.00 9.00 15.00 3.00 7.5() d 25 92.50 46.88 
100.0() *00 70.00 3.00 9.00 15.00 4.00 7.30 4.00 92.70 50JX0 
100.0() 8.00 70.00 3.00 9.00 15.00 6.00 7.50 4.00 92.50 SO 00 
100.0 8.00 70.00 3.00 9.00 15.00 8.0() 7.5)) 3.80 92.50 52 ,u 
100.00 8.00 70.00 3.00 9.00 15.00 10.00 7.90 3.75 92.10 53. ) 3 
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Appendix B 
Neural Network Programs 
echo on 
% 
% Prediction of Salinity Efficiency Performance 
% 
% Initialization WITH FASTER BACKPROPAGATION: 
echo off 
df = 10; % Frequency of progress displays (in epochs). 
%me = 1; % Maximum number of epochs to train. 
eg = 0.001; % Sum-squared error goal. 
Ir = 0.000001; % Learning rate. 
me = input('Enter number of Epochs '); 
tp = [df me eg lr]; 
% DEFINING A VECTOR ASSOCATION PROBLEM 
%P: input vectors (column vectors): 
load datal; 
%scale variables 
x1= (datal(:, 1)' - 55)/(70 - 55); 
x2 = (datal(:, 2)' - 1)/(3 - 1); 
x3 = (datal(:, 3)' - 1)/(9 - 1); 
x4 = (datal(:, 4)' - 1)/(15 - 1); 
x5 = (datal(:, 5)' - 1)/(10 - 1); 
x6 = (datal(:, 6)' - 38)/(93.4 - 38); 
P= [xl; x2; x3; x4; x5]; 
T= [x6]; 
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% DESIGN THE NETWORK 
lay_num=input('Enter number of layers : 2, or 3: '); 
if (lay_num == 2) 
type=input('enter comb. of layers 1- LS-PL, 2- TS-PL: '); 
Si = input('enter the number of neurons for hidden layer: '); 
% select type of neuron 
disp('')" 
disp('* DESIGN COMPLETE 
disp('**********************************************'); 
if (type ==1) 
[wl, bl, w2, b2] = initff(P, S l; logsig', T, 'purelin'); 
[w l, b 1, w2, b2, ep, tr] = trainlm(w 1, b 1, 'logsig', w2, b2, 'purelin', P, T, tp); 
elseif (type == 2) 
[w l, b 1, w2, b2] = initff(P, S 1, 'tansig', T, 'purelin'); 
[w 1, b 1, w2, b2, ep, tr] = trainlm(w l, b 1, 'tansig', w2, b2, 'purelin', P, T, tp); 
end 
elseif (lay_num==3) 
type=input('enter comb. of layers 1- TS-LS-PL, 2- LS-TS-PL: '); 
S1 = input('enter the number of neurons for 1st layer: '); 
S2 = input('enter the number of neurons for 2nd layer: '); 
disp('')" 
disp('**********************************************')" 
disp('* DESIGN COMPLETE *'); 
disp('**********************************************1)" 
% select type of neuron 
if (type ==1) 
[wl, bl, w2, b2, w3, b3] = initff(P, S 1; tansig', S2; logsig', T, 'purelin'); 
[wl, bl, w2, b2, w3, b3, ep, tr] = 
trainlm(w l, b 1, 'tansig', w2, b2; logsig', w3, b3, 'purelin', P, T, tp); 
elseif (type == 2) 
[w l, b 1, w2, b2, w3, b3] = initff(P, S 1, 'logsig', 52, 'tansig', T, 'purelin'); 
[w l, b 1, w2, b2, w3, b3, ep, tr] = 
trainlm(w l, b l; logsig', w2, b2, 'tansig', w3, b3, 'purelin', P, T, tp); 
end 
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end 
% end of neural simulations 
echo on 
% Prediction of Water Cut Performance 
% 
% Initialization WITH FASTER BACKPROPAGATION: 
echo off 
df = 10; % Frequency of progress displays (in epochs). 
%me = 1; % Maximum number of epochs to train. 
eg = 0.001; % Sum-squared error goal. 
Ir = 0.000001; % Learning rate. 
me = input('Enter number of Epochs '); 
tp = [df me eg lr]; 
% DEFINING A VECTOR ASSOCATION PROBLEM 
%P: input vectors (column vectors): 
load data2; 
%scale variables 
xl = (data2(:, 1)' - 55)/(70 -, 55); 
x2 = (data2(:, 2)' - 1)/(3 - 1); 
x3 = (data2(:, 3)' - 1)/(9 - 1); 
x4 = (data2(:, 4)' - 1)1(15 - 1); 
x5 = (data2(:, 5)' - 1)/(10 - 1); 
x6 = (data2(:, 6)' - 7.14)/(94.38 - 7.14); 
P= [xl; x2; x3; x4; x5]; 
T= [x6]; 
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% DESIGN THE NETWORK 
lay_num=input('Enter number of layers : 2, or 3: '); 
if (lay_num == 2) 
type=input('enter comb. of layers 1- LS-PL, 2- TS-PL: '); 
S1= input('enter the number of neurons for hidden layer: '); 
% select type of neuron 
disp(' ')" 
disp('**********************************************'); 
disp('* DESIGN COMPLETE *'); 
disp('**********************************************'); 
if (type ==1) 
[w l, b 1, w2, b2] = initff(P, S l; logsig', T, 'purelin'); 
[w l, b 1, w2, b2, ep, tr] = trainlm(w l, b 1, 'logsig', w2, b2, 'purelin', P, T, tp); 
elseif (type == 2) 
[w l, b 1, w2, b2] = initff(P, S 1; tansig', T, 'purelin'); 
[w l, b 1, w2, b2, ep, tr] = trainlm(w l, b 1, 'tansig', w2, b2, 'purelin', P, T, tp); 
end 
elseif (lay_num==3) 
type=input('enter comb. of layers 1- TS-LS-PL, 2- LS-TS-PL: '); 
Si = input('enter the number of neurons for Ist layer: '); 
S2 = input('enter the number of neurons for 2nd layer: '); 
disp('')" 
disp('**********************************************'). 
disp('* DESIGN COMPLETE *'); 
disp('**********************************************'). 
% select type of neuron 
if (type ==1) 
[w l, b 1, w2, b2, w3, b3] = initff(P, S 1, 'tansig', S2; logsig', T, 'purelin'); 
[w l, b 1, w2, b2, w3, b3, ep, tr] = 
trainlm(w l, b 1, 'tansig', w2, b2, 'logsig', w3, b3, 'purelin', P, T, tp); 
elseif (type == 2) 
[wl, bl, w2, b2, w3, b3] = initff(P, S l, 'logsig', S2, 'tansig', T, 'purelin'); 
[w l, b 1, w2, b2, w3, b3, ep, tr] = 
trainlm(wl, bl; logsig', w2, b2; tansig', w3, b3, 'purelin', P, T, tp); 
end 
end 
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% end of neural simulations 
% purpose: Generate output of neural nets 
load muslehlO; 
a= simuff(P, wl, bl, 'logsig', w2, b2, 'purelin'); 
% a= simuff(P, wl, bl, 'tansig', w2, b2, 'purelin'); 
%a= simuff(P, wl, bl; tansig', w2, b2, 'logsig', w3, b3, 'purelin'); 
yest = a'*(93.4 - 38) + 38; 
load datal; 
yexact = datal(:, 6); 
n= size(yexact); 
for i=1: n(1), 
errl(i) = abs(((yexact(i) - yest(i))/yexact(i))*100); 
end; 
r2 =1- (sum((yexact - yest). A2))/(sum((yexact - (sum(yexact)/n(1))). ^2)); 
averr = sum(err 1)/n(1); 
disp('average_error maximum_error minimum_error R^2'); 
fprintf('\n%10.5f%15.5f%20.5f%20.5f, averr, max(err1), min(err1), r2); 
fprintf('\n') 
hist(err1) 
%[nn, xx] = hist(errl); 
%S = sum(nn); 
%bar(xx, nn) 
%for k=1: 10 
% pct = 100*nn(k)/S; 
% text(xx(k), nn(k), [num2str(pct) '%' ]) 
%end 
xl = (datal(:, l)); 
x2 = (datal(:, 2)); 
x3 = (datal(:, 3)); 
x4 = (datal(:, 4)); 
x5 = (datal(:, 5)); 
temp =[ xi x2 x3 x4 x5 yexact yest errl']; 
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save -ascii outl temp 
% purpose: Generate output of neural nets 
load musleh210; 
a= simuff(P, w1, bl, 'logsig', w2, b2, 'purelin'); 
% a= simuff(P, w1, b1, 'tansig', w2, b2, 'purelin'); 
%a= simuff(P, wl, bl, 'tansig', w2, b2, 'logsig', w3, b3, 'purelin'); 
yest = a'*(94.38 - 7.14) + 7.14; 
load data2; 
yexact = data2(:, 6); 
n= size(yexact); 
for i=1: n(1), 
errl(i) = abs(((yexact(i) - yest(i))/yexact(i))*100); 
end; 
r2 =1- (sum((yexact - yest). ^2))/(sum((yexact - (sum(yexact)/n(1))). ^2)); 
averr = sum(errl)/n(1); 
disp('average_error maximum_error minimum_error R^2'); 
fprintf('\n%10.5f%15.5f%20.5f%20.5f, averr, max(errl), min(err1), r2); 
fprintf('\n') 
hist(err1) 
%[nn, xx] = hist(errl); 
%S = sum(nn); 
%bar(xx, nn) 
%for k=1: 10 
% pct = 100*nn(k)/S; 
% text(xx(k), nn(k), [num2str(pct) '%' ]) 
%end 
x 1= (data2(:, 1)); 
x2 = (data2(:, 2)); 
x3 = (data2(:, 3)); 
x4 = (data2(:, 4)); 
x5 = (data2(:, 5)); 
temp =[xl x2 x3 x4 x5 yexact yest en 1'1; 
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save -ascii out2 temp 
File Optimizer. 
-------------------------------------- 
x= [1; 1; 0.5; 0.5; 0.5]; 
options =[]; 
vlb = [0.786; 0.33333; 0.11111; 0.066667; 0.1]; 
vub = [1; 1; 1; 1; 1]; 
x= constr('fun', x, options, vlb, vub) 
[f, g] = fun(x) 
File Function 
function [f, g] = fun(x) 
load musleh210 
P=x; 
f1= -simuff(P, wl, bl, 'logsig', w2, b2, 'purelin'); 
clear w1; 
clear b1; 
clear w2; 
clear b2; 
load muslehl0; 
P=x; 
f2 = -simuff(P, w l, b 1, 'logsig', w2, b2, 'purelin'); 
f=fl+f2; 
g(1)=-f-2; 
%f = exp(x(1))*(4*x(1)^2+2*x(2)^2+4*x(1)*x(2)+2*x(2)+1); 
%g(1) = x(1) + x(2); 
%g(2) = 1.5 + x(l)*x(2) - x(l) - x(2); 
%g(3) = -x(1)*x(2) -10; 
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Testina outcome (NNI-Salinitv Efficiency 
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xl x2 x3 x4 x5 effl, exp effl, cal %diff 
55.00 1.00 1.00 1.00 8.00 50.00 50.93 1.86 
55.00 1.00 1.00 5.00 3.00 46.00 46.59 1.28 
55.00 1.00 1.00 8.00 10.00 56.00 55.20 1.43 
55.00 1.00 1.00 12.00 4.00 50.00 49.84 0.33 
55.00 1.00 3.00 1.00 1.00 48.86 49.39 1.08 
55.00 1.00 3.00 2.00 6.00 54.55 54.72 0.31 
55.00 1.00 3.00 8.00 2.00 54.55 55.93 2.53 
55.00 1.00 3.00 10.00 8.00 59.09 59.84 1.27 
55.00 1.00 3.00 15.00 3.00 61.36 59.76 2.61 
55.00 1.00 5.00 1.00 10.00 81.11 80.79 0.40 
55.00 1.00 5.00 5.00 4.00 78.89 79.06 0.21 
55.00 1.00 5.00 10.00 1.00 80.00 80.36 0.45 
55.00 1.00 5.00 12.00 6.00 83.33 83.93 0.72 
55.00 1.00 7.00 1.00 2.00 68.57 69.53 1.41 
55.00 1.00 7.00 2.00 8.00 80.00 77.86 2.68 
55.00 1.00 7.00 8.00 3.00 74.29 75.32 1.39 
55.00 1.00 7.00 10.00 10.00 80.00 79.23 0.96 
55.00 1.00 7.00 15.00 4.00 77.14 76.51 0.82 
55.00 1.00 9.00 2.00 1.00 74.12 74.86 1.00 
55.00 1.00 9.00 5.00 6.00 89.41 84.43 5.56 
55.00 1.00 9.00 10.00 2.00 81.18 81.44 0.32 
55.00 1.00 9.00 12.00 8.00 81.18 83.84 3.28 
55.00 3.00 1.00 1.00 3.00 75.00 73.58 1.89 
55.00 3.00 1.00 2.00 10.00 79.17 78.84 0.41 
55.00 3.00 1.00 8.00 4.00 77.08 77.23 0.19 
55.00 3.00 1.00 12.00 1.00 75.00 76.41 1.87 
55.00 3.00 1.00 15.00 6.00 77.08 78.07 1.28 
55.00 3.00 3.00 2.00 2.00 80.00 79.51 0.62 
55.00 3.00 3.00 5.00 8.00 86.00 85.05 1.10 
55.00 3.00 3.00 10.00 3.00 82.00 81.60 0.49 
55.00 3.00 3.00 12.00 10.00 83.00 85.19 2.63 
55.00 3.00 5.00 1.00 4.00 84.00 83.47 0.63 
55.00 3.00 5.00 5.00 1.00 82.00 82.18 0.22 
55.00 3.00 5.00 8.00 6.00 86.00 85.71 0.33 
55.00 3.00 5.00 12.00 2.00 80.00 81.99 2.49 
55.00 3.00 5.00 15.00 8.00 84.00 83.66 0.41 
55.00 3.00 7.00 2.00 3.00 84.00 83.46 0.65 
55.00 3.00 7.00 5.00 10.00 88.00 88.07 0.08 
55.00 3.00 7.00 10.00 4.00 86.00 85.23 0.89 
55.00 3.00 7.00 15.00 1.00 80.00 80.31 0.38 
55.00 3.00 9.00 1.00 6.00 86.00 86.32 0.37 
55.00 3.00 9.00 5.00 2.00 85.00 85.55 0.65 
55.00 3.00 9.00 5.00 3.00 86.00 86.25 0.29 
55.00 3.00 9.00 8.00 10.00 90.00 89.44 0.63 
55.00 3.00 9.00 12.00 4.00 86.00 86.11 0.13 
70.00 1.00 1.00 1.00 1.00 60.00 58.70 2.17 
70.00 1.00 1.00 2.00 6.00 70.00 66.60 4.86 
70.00 1.00 1.00 8.00 2.00 67.00 65.34 2.48 
70.00 1.00 1.00 10.00 8.00 72.00 69.81 3.04 
70.00 1.00 1.00 15.00 3.00 62.00 60.68 2.13 
70.00 1.00 3.00 1.00 10.00 65.91 67.41 2.28 
70.00 1.00 3.00 5.00 4.00 63.64 64.01 0.59 
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X1 x2 x3 
..... ... 
x4 
. .......... 
x5 
r......... -vv. 
effl, exp 
99191 G 
effl, cal %diff 
70.00 1.00 3.00 10.00 1.00 61.36 60.58 1.26 
70.00 1.00 3.00 12.00 6.00 63.64 64.14 0.78 
70.00 1.00 5.00 1.00 2.00 62.22 61.97 0.40 
70.00 1.00 5.00 2.00 8.00 71.11 70.37 1.05 
70.00 1.00 5.00 8.00 3.00 68.89 67.66 1.78 
70.00 1.00 5.00 10.00 10.00 71.11 71.18 0.10 
70.00 1.00 5.00 15.00 4.00 62.22 60.70 2.44 
70.00 1.00 7.00 2.00 1.00 54.29 53.66 1.15 
70.00 1.00 7.00 5.00 6.00 62.86 63.97 1.76 
70.00 1.00 7.00 10.00 2.00 65.71 60.82 7.44 
70.00 1.00 7.00 12.00 8.00 62.86 64.51 2.62 
70.00 1.00 9.00 1.00 3.00 71.76 67.53 5.90 
70.00 1.00 9.00 2.00 10.00 76.47 78.24 2.32 
70.00 1.00 9.00 8.00 4.00 76.47 74.21 2.96 
70.00 1.00 9.00 12.00 1.00 67.06 68.78 2.57 
70.00 1.00 9.00 15.00 6.00 70.59 69.24 1.92 
70.00 3.00 1.00 2.00 2.00 70.83 73.00 3.07 
70.00 3.00 1.00 5.00 8.00 86.46 82.43 4.66 
70.00 3.00 1.00 10.00 3.00 79.17 80.27 1.39 
70.00 3.00 1.00 12.00 10.00 86.46 83.95 2.90 
70.00 
70.00 
3.00 
3.00 
3.00 
3.00 
1.00 
5.00 
4.00 
1.00 
76.00 
78.00 
76.15 
77.60 
0.20 
0.51 
70.00 3.00 3.00 8.00 6.00 83.00 83.38 0.46 
70.00 3.00 3.00 12.00 2.00 78.00 78.03 0.04 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
70.00 
00 70 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3 00 
3.00 
5.00 
5.00 
5.00 
5.00 
7.00 
7.00 
7.00 
7.00 
7.00 
9.00 
9.00 
15.00 
2.00 
5.00 
10.00 
15.00 
1.00 
5.00 
8.00 
12.00 
15.00 
2.00 
8.00 
8.00 
3.00 
10.00 
4.00 
1.00 
6.00 
2.00 
8.00 
3.00 
10.00 
4.00 
1.00 
79.00 
79.00 
86.00 
85.00 
78.00 
86.00 
86.00 
87.00 
86.00 
86.00 
91.30 
92.50 
78.74 
79.23 
85.31 
84.88 
78.72 
85.07 
86.46 
88.45 
86.53 
84.80 
89.94 
91.46 
0.33 
0.29 
0.80 
0.15 
0.92 
1.08 
0.54 
1.67 
0.62 
1.40 
1.49 
1.12 
. 00 70 . 3 00 
9.00 10.00 6.00 93.00 93.42 0.45 
. . 9.00 15.00 2.00 92.20 92.62 0.46 
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x1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
55.00 1.00 1.00 2.00 1.00 25.00 27.74 10.95 
55.00 1.00 1.00 5.00 6.00 40.63 49.51 21.85 
55.00 1.00 1.00 10.00 2.00 37.50 36.46 2.77 
55.00 1.00 1.00 12.00 8.00 37.50 40.91 9.09 
55.00 1.00 3.00 1.00 3.00 11.43 20.61 80.34 
55.00 1.00 3.00 2.00 10.00 46.43 36.76 20.84 
55.00 1.00 3.00 8.00 4.00 46.43 47.29 1.86 
55.00 1.00 3.00 12.00 1.00 32.14 31.52 1.92 
55.00 1.00 3.00 15.00 6.00 35.71 38.30 7.26 
55.00 1.00 5.00 2.00 2.00 60.00 53.64 10.60 
55.00 1.00 5.00 5.00 8.00 49.33 62.83 27.37 
55.00 1.00 5.00 10.00 3.00 62.67 62.70 0.04 
55.00 1.00 5.00 12.00 10.00 60.00 64.11 6.85 
55.00 1.00 7.00 1.00 4.00 42.50 42.07 1.01 
55.00 1.00 7.00 5.00 1.00 47.50 51.20 7.79 
55.00 1.00 7.00 8.00 6.00 67.50 62.91 6.80 
55.00 1.00 7.00 12.00 2.00 65.00 60.45 7.01 
55.00 1.00 7.00 15.00 8.00 65.00 60.83 6.42 
55.00 1.00 9.00 2.00 3.00 56.25 57.55 2.31 
55.00 1.00 9.00 5.00 10.00 37.50 61.60 64.26 
55.00 1.00 9.00 10.00 4.00 65.63 61.25 6.68 
55.00 1.00 9.00 15.00 1.00 46.88 53.06 13.19 
55.00 3.00 1.00 1.00 6.00 48.39 56.72 17.22 
55.00 3.00 1.00 5.00 2.00 48.39 41.55 14.14 
55.00 3.00 1.00 8.00 8.00 74.19 73.86 0.45 
55.00 3.00 1.00 12.00 3.00 87.10 75.31 13.54 
55.00 3.00 1.00 15.00 10.00 87.10 83.83 3.75 
55.00 3.00 3.00 2.00 4.00 75.00 71.45 4.73 
55.00 3.00 3.00 8.00 1.00 50.00 54.17 8.34 
55.00 3.00 3.00 10.00 6.00 87.50 88.92 1.63 
55.00 3.00 3.00 15.00 2.00 75.00 78.82 5.10 
55.00 3.00 5.00 1.00 8.00 75.00 78.72 4.96 
55.00 3.00 5.00 5.00 3.00 75.00 70.71 5.71 
55.00 3.00 5.00 8.00 10.00 93.75 92.84 0.97 
55.00 3.00 5.00 12.00 4.00 87.50 84.35 3.61 
55.00 3.00 7.00 1.00 1.00 37.50 24.20 35.46 
55.00 3.00 7.00 2.00 6.00 50.00 55.97 11.94 
55.00 3.00 7.00 8.00 2.00 62.50 64.33 2.93 
55.00 3.00 7.00 10.00 8.00 62.50 66.53 6.44 
55.00 3.00 7.00 15.00 3.00 75.00 81.55 8.73 
55.00 3.00 9.00 1.00 10.00 43.75 43.53 0.50 
55.00 3.00 9.00 5.00 4.00 50.00 51.11 2.22 
55.00 3.00 9.00 10.00 1.00 43.75 42.55 2.73 
55.00 3.00 9.00 12.00 6.00 62.50 54.06 13.50 
70.00 1.00 1.00 1.00 2.00 40.63 40.73 0.24 
70.00 1.00 1.00 2.00 8.00 56.25 56.99 1.32 
70.00 1.00 1.00 8.00 3.00 62.50 58.12 7.01 
70.00 1.00 1.00 10.00 10.00 62.50 60.71 2.87 
70.00 1.00 1.00 15.00 4.00 53.13 54.41 2.42 
70.00 1.00 3.00 2.00 1.00 50.00 51.06 2.12 
70.00 1.00 3.00 5.00 6.00 71.43 67.90 4.95 
70.00 1.00 3.00 10.00 2.00 57.14 58.16 1.78 
Appendix C 
T stinn euthnmc (NMI fWatnr Gffirinnrv\ 
Page 151 
X1 x2 x3 x4 x5 eff1, exp effl, cal %diff 
70.00 1.00 3.00 12.00 8.00 68.57 69.19 0.90 
70.00 1.00 5.00 1.00 3.00 60.00 58.41 2.65 
70.00 1.00 5.00 2.00 10.00 70.00 70.74 1.06 
70.00 1.00 5.00 8.00 4.00 70.00 66.40 5.14 
70.00 1.00 5.00 12.00 1.00 60.00 58.34 2.76 
70.00 1.00 5.00 15.00 6.00 65.33 67.64 3.53 
70.00 1.00 7.00 2.00 2.00 56.25 55.99 0.46 
70.00 1.00 7.00 5.00 8.00 62.50 65.72 5.15 
70.00 1.00 7.00 10.00 3.00 56.25 58.11 3.31 
70.00 1.00 7.00 12.00 10.00 61.25 64.71 5.65 
70.00 1.00 9.00 1.00 4.00 37.50 33.45 10.79 
70.00 1.00 9.00 5.00 1.00 28.13 32.51 15.57 
70.00 1.00 9.00 8.00 6.00 46.88 40.70 13.19 
70.00 1.00 9.00 12.00 2.00 31.25 33.25 6.39 
70.00 1.00 9.00 15.00 8.00 34.38 41.37 20.34 
70.00 3.00 1.00 2.00 3.00 64.52 67.08 3.97 
70.00 3.00 1.00 5.00 10.00 71.61 69.42 3.06 
70.00 3.00 1.00 10.00 4.00 66.45 69.28 4.25 
70.00 3.00 1.00 15.00 1.00 61.29 58.23 4.99 
70.00 3.00 3.00 1.00 6.00 71.88 68.26 5.03 
70.00 3.00 3.00 5.00 2.00 65.63 67.33 2.59 
70.00 3.00 3.00 8.00 8.00 75.00 73.89 1.48 
70.00 3.00 3.00 12.00 3.00 65.63 66.70 1.63 
70.00 3.00 3.00 15.00 10.00 67.50 70.84 4.95 
70.00 3.00 5.00 2.00 4.00 84.38 83.79 0.70 
70.00 3.00 5.00 8.00 1.00 87.50 81.46 6.91 
70.00 3.00 5.00 10.00 6.00 90.00 92.19 2.44 
70.00 3.00 5.00 15.00 2.00 81.88 81.47 0.50 
70.00 3.00 7.00 1.00 8.00 56.25 55.26 1.75 
70.00 3.00 7.00 5.00 3.00 59.38 58.13 2.10 
70.00 3.00 7.00 8.00 10.00 68.75 63.88 7.09 
70.00 3.00 7.00 12.00 4.00 62.50 62.79 0.47 
70.00 
70.00 
3.00 
3.00 
9.00 
9.00 
1.00 
2.00 
1.00 
6.00 
43.75 
53.13 
45.99 
55.96 
5.11 
5.33 
70.00 3.00 
70.00 3.00 
70.00 3.00 
9.00 
9.00 
9.00 
8.00 
10.00 
15.00 
2.00 
8.00 
3.00 
52.50 
62.50 
46.88 
51.80 
57.76 
48.77 
1.34 
7.59 
4.03 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 eff1, exp effl, cal %diff 
55 1 1 1 1 38 40.237 5.886 
55 1 1 1 2 40 42.138 5.345 
55 1 1 1 3 45 43.923 2.394 
55 1 1 1 4 45 45.586 1.302 
55 1 1 1 6 50 48.528 2.944 
55 1 1 1 10 52 52.749 1.441 
55 1 1 2 1 40 41.008 2.519 
55 1 1 2 2 42 42.865 2.06 
55 1 1 2 3 45 44.605 0.878 
55 1 1 2 4 45 46.223 2.718 
55 1 1 2 6 50 49.081 1.839 
55 1 1 2 8 50 51.412 2.825 
55 1 1 2 10 52 53.189 2.287 
55 1 1 5 1 42 43.31 3.118 
55 1 5 2 44 45.006 2.287 
55 1 5 4 50 48.057 3.886 
55 1 5 6 52 50.647 2.602 
55 1 1 5 8 54 52.77 2.279 
55 1 1 5 10 55 54.415 1.064 
55 1 1 8 1 42 45.118 7.424 
55 1 1 8 2 46 46.641 1.392 
55 1 1 8 3 46 48.061 4.481 
55 1 1 8 4 50 49.381 1.237 
55 1 1 8 6 54 51.721 4.221 
55 1 1 8 8 55 53.661 2.435 
55 1 1 10 1 48 45.842 4.496 
55 1 1 10 2 50 47.257 5.487 
55 1 1 10 3 50 48.581 2.838 55 1 1 10 4 52 49.815 4.202 
55 1 1 10 6 56 52.016 7.115 
55 1 1 10 8 56 53.863 3.817 
55 1 1 10 10 58 55.355 4.561 
55 
55 
55 
55 
55 
55 
55 
55 
55 
55 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
12 
12 
12 
12 
12 
12 
15 
15 
15 
1 
2 
3 
6 
8 
10 
1 
2 
3 
46 
48 
48 
52 
54 
54 
46 
46 
46 
46.111 
47.432 
48.674 
51.929 
53.709 
55.177 
45.607 
46.821 
47.972 
0.241 
1.183 
1.405 
0.137 
0.538 
2.18 
0.854 
1.785 
4.287 
55 1 
1 15 4 48 49.059 2.207 
55 1 
1 15 6 50 51.046 2.091 
55 
55 
55 
55 
1 
1 
1 
1 
3 
3 
15 
15 
1 
1 
8 
10 
2 
3 
50 
52 
48.86 
52.27 
52.779 
54.254 
50.569 
51.648 
5.557 
4.334 
3.498 
1.189 
55 1 
3 1 4 52.27 52.62 0.67 
55 
55 
1 
1 
3 
3 
1 
1 
6 
8 
54.55 
54.55 
54.215 
55.303 
0.615 
1.381 
55 1 
3 
---d- 
1 
2 
10 1 
1 
55.68 
48.86 
55.833 
50.13 
0.275 
2.6 
Appendix C Page 153 
Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
55 1 3 2 2 50 51.268 2.536 
55 1 3 2 3 54.55 52.301 4.123 
55 1 3 2 4 55.68 53.224 4.411 
55 3 2 8 54.55 55.723 2.15 
55 1 3 2 10 56.82 56.19 1.108 
55 1 3 5 1 54.55 52.53 3.703 
55 3 5 2 51.14 53.525 4.664 
55 1 3 5 3 54.55 54.411 0.255 
55 1 3 5 4 55.68 55.186 0.887 
55 1 3 5 6 56.82 56.403 0.734 
55 1 3 5 8 56.82 57.17 0.616 
55 1 3 5 10 59.09 57.476 2.732 
55 1 3 8 1 56.82 55.088 3.049 
55 1 3 8 3 56.82 56.67 0.264 
55 1 3 8 4 56.82 57.304 0.851 
55 1 3 8 6 57.95 58.266 0.545 
55 1 3 8 8 57.95 58.831 1.52 
55 1 3 8 10 59.09 59.004 0.145 
55 1 3 10 1 56.82 56.598 0.39 
55 1 3 10 2 54.55 57.352 5.136 
55 1 3 10 3 59.09 58.004 1.839 
55 1 3 10 4 59.09 58.557 0.902 
55 1 3 10 6 57.95 59.381 2.47 
55 1 3 10 10 59.09 59.951 1.458 
55 1 3 12 1 59.09 57.761 2.249 
55 1 3 12 2 56.82 58.441 2.854 
55 1 3 12 3 60.23 59.027 1.998 
55 1 3 12 4 60.23 59.52 1.178 
55 1 3 12 6 61.36 60.245 1.818 
55 1 3 12 8 61.36 60.637 1.179 
55 1 3 12 10 60.23 60.711 0.798 
55 1 3 15 1 59.09 58.603 0.824 
55 1 3 15 2 60.23 59.224 1.67 
55 1 3 15 4 60.23 60.209 0.035 
55 1 3 15 6 60.23 60.875 1.071 
55 
55 
55 
55 
55 
55 
55 
55 
55 
55 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
5 
5 
5 
5 
5 
5 
5 
15 
15 
1 
1 
1 
1 
1 
1 
2 
8 
10 
1 
2 
3 
4 
6 
8 
1 
60.23 
61.36 
73.33 
73.33 
75.56 
75.56 
80 
80 
73.33 
61.244 
61.333 
72.944 
74.205 
75.395 
76.503 
78.427 
79.887 
73.978 
1.684 
0.043 
0.527 
1.193 
0.219 
1.248 
1.966 
0.141 
0.884 
55 1 
5 2 2 73.33 75.171 2.511 
55 1 
5 2 3 80 76.29 4.638 
55 1 
5 2 4 80 77.323 3.346 
55 1 
5 2 6 81.11 79.098 2.48 
55 1 
5 2 8 81.11 80.422 0.849 
55 1 
5 2 10 81.11 81.215 0.13 
55 1 
5 5 1 80 76.373 4.534 
55 1 
5 5 2 77.78 77.35 0.553 
5 5 3 77.78 78.246 0.599 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
55 1 5 5 6 80 80.406 0.508 
55 1 5 5 8 80 81.364 1.705 
55 1 5 5 10 81.11 81.886 0.957 
55 1 5 8 1 80 78.678 1.652 
55 1 5 8 2 80 79.446 0.693 
55 1 5 8 3 80 80.135 0.169- 
55 1 5 8 4 81.11 80.746 0.449 
55 1 5 8 6 80 81.73 2.163 
55 1 5 8 8 81.11 82.391 1.579 
55 5 8 10 82.22 82.709 0.595 
55 1 5 10 2 80 80.999 1.249 
55 1 5 10 3 81.11 81.56 0.555 
55 1 5 10 4 82.22 82.05 0.207 
55 1 5 10 6 82.22 82.817 0.727 
55 1 5 10 8 82.22 83.305 1.32 
55 1 5 10 10 82.22 83.505 1.563 
55 1 5 12 1 82.22 82.006 0.26 
55 1 5 12 2 82.22 82.521 0.366 
55 1 5 12 3 83.33 82.968 0.434 
55 1 5 12 4 83.33 83.35 0.024 
55 1 5 12 8 84.44 84.263 0.21 
55 1 5 12 10 84.44 84.359 0.096 
55 1 5 15 1 83.33 83.959 0.754 
55 1 5 15 2 83.33 84.333 1.203 
55 1 5 15 3 83.33 84.648 1.581 
55 1 5 15 4 86.67 84.907 2.034 
55 1 5 15 6 85.56 85.271 338 0 55 
55 
1 
1 
5 
5 
15 
15 
8 
10 
85.56 
86.67 
85.442 
85.427 
. 
0.138 
1.435 55 
55 
1 
1 
7 
7 
1 
1 
1 
3 
68.57 
68.57 
67.978 
71.018 
0.863 
3.569 
55 1 7 1 4 74.29 72.414 2.525 55 1 7 1 6 74.29 74.88 0.795 55 
55 
55 
55 
55 
55 
55 
55 
1 
1 
1 
1 
1 
1 
1 
1 
7 
7 
7 
7 
7 
7 
7 
1 
1 
2 
2 
2 
2 
2 
8 
10 
1 
2 
3 
4 
6 
77.14 
77.14 
68.57 
68.57 
71.43 
74.29 
77.14 
76.806 
78.073 
69.409 
70.92 
72.352 
73.693 
76.043 
0.433 
1.21 
1.223 
3.427 
1.291 
0.804 
1.423 
55 
55 
1 
1 
7 
7 
2 
5 
10 
1 
80 
71.43 
79.034 
72.197 
1.207 
1.074 
55 1 
7 5 2 71.43 73.507 2.908 
55 1 
7 5 3 74.29 74.728 0.589 
55 1 
7 5 4 77.14 75.852 1.67 
55 1 
7 5 6 77.14 77.779 0.828 
55 
55 
55 
1 
1 
1 
7 
7 
7 
5 
5 
8 
8 
10 
1 
80 
80 
71.43 
79.224 
80.116 
73.222 
0.97 
0.145 
2.509 
55 1 
7 8 2 74.29 74.314 0.033 
55 1 
7 8 4 77.14 76.235 1.174 
55 1 
7 8 6 80 77.781 2.774 
7 8 8 80 78.923 1.346 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, ca! %diff 
55 1 7 8 10 80 79.621 0.474 
55 1 7 10 1 74.29 73.59 0.943 
55 1 7 10 2 74.29 74.558 0.361 
55 1 7 10 3 77.14 75.444 2.198 
55 1 7 10 4 77.14 76.248 1.156 
55 1 7 10 6 77.14 77.602 0.599 
55 1 7 10 8 80 78.606 1.743 
55 1 7 12 1 74.29 73.992 0.401 
55 1 7 12 2 74.29 74.855 0.76 
55 1 7 12 3 77.14 75.642 1.943 
55 1 7 12 4 77.14 76.354 1.019 
55 1 7 12 6 77.14 77.555 0.538 
55 1 7 12 8 80 78.453 1.933 
55 1 7 12 10 77.14 79.033 2.454 
55 1 7 15 1 71.43 74.494 4.289 
55 1 7 15 2 71.43 75.23 5.32 
55 1 7 15 3 74.29 75.902 2.17 
55 1 7 15 6 80 77.546 3.068 
55 1 7 15 8 80 78.339 2.076 
55 1 7 15 10 77.14 78.886 2.263 
55 1 9 1 1 74.12 73.096 1.381 
55 1 9 1 2 76.47 74.499 2.578 
55 1 9 1 3 76.47 75.836 0.829 
55 1 9 1 4 78.82 77.088 2.197 
55 1 9 1 6 78.82 79.257 0.555 
55 1 9 1 8 81.18 80.852 0.404 
55 1 9 1 10 81.18 81.746 0.697 
55 1 9 2 2 74.12 76.266 2.895 
55 1 9 2 3 74.12 77.595 4.689 
55 1 9 2 4 78.82 78.833 0.017 
55 1 9 2 6 81.18 80.963 0.267 
55 1 9 2 8 83.53 82.516 1.214 
55 1 9 2 10 83.53 83.37 0.192 
55 1 9 5 1 78.82 78.983 0.206 
55 1 9 5 2 81.18 80.277 1.112 
55 
55 
55 
55 
55 
55 
55 
55 
1 
1 
1 
1 
1 
1 
1 
1 
9 
9 
9 
9 
9 
9 
9 
5 
5 
5 
5 
8 
8 
8 
3 
4 
8 
10 
1 
2 
3 
81.18 
89.41 
83.53 
83.53 
78.82 
78.82 
78.82 
81.482 
82.584 
85.737 
86.397 
80.671 
81.763 
82.761 
0.371 
7.635 
2.642 
3.432 
2.348 
3.734 
5 
55 1 
9 8 4 83.53 83.658 0.154 
55 1 
9 8 6 83.53 85.127 1.912 
55 1 
9 8 8 84.71 86.115 1.659 
55 
55 
1 
1 
9 
9 
8 
10 
10 
1 
84.71 
81.18 
86.562 
80.484 
2.186 
0.858 
55 1 
9 10 3 89.41 82.312 7.938 
55 1 
9 10 4 89.41 83.087 7.072 
55 1 
9 10 6 89.41 84.34 5.671 
55 
55 
1 
1 
9 
9 
10 
10 
8 
10 
84.71 
84.71 
85.17 
85.532 
0.543 
0.971 
9 12 1 78.82 79.676 1.085 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
55 1 9 12 2 78.82 80.533 2.174 
55 1 9 12 3 76.47 81.306 6.323 
55 1 9 12 4 78.82 81.992 4.024 
55 1 9 12 6 78.82 83.101 5.431 
55 1 9 12 10 83.53 84.188 0.788 
55 1 9 15 1 78.82 78.061 0.963 
55 1 9 15 2 81.18 78.826 2.9 
55 1 9 15 3 81.18 79.517 2.049 
55 1 9 15 4 81.18 80.134 1.289 
55 1 9 15 6 81.18 81.149 0.038 
55 1 9 15 8 81.18 81.868 0.848 
55 1 9 15 10 83.53 82.276 1.501 
55 3 1 1 1 70.83 72.059 1.735 
55 3 1 1 2 72.92 72.822 0.135 
55 3 1 1 4 75 74.333 0.889 
55 3 1 1 6 75 75.804 1.072 
55 3 1 1 8 77.08 77.216 0.176 
55 3 1 1 10 77.08 78.556 1.915 
55 3 1 2 1 72.92 72.627 0.402 
55 3 1 2 2 72.92 73.375 0.624 
55 3 1 2 3 75 74.114 1.182 
55 3 1 2 4 75 74.841 0.212 
55 3 1 2 6 77.08 76.25 1.077 
55 3 1 2 8 77.08 77.587 0.658 
55 3 1 5 1 72.92 74.235 1.804 
55 3 1 5 2 75 74.915 0.113 
55 3 1 5 3 75 75.575 0.766 
55 3 1 5 4 75 76.211 1.615 
55 3 1 5 6 77.08 77.413 0.432 
55 3 1 5 8 77.08 78.518 1.865 
55 3 1 5 10 79.17 79.528 0.452 
55 3 1 8 1 75 75.531 0.707 
55 3 1 8 2 75 76.126 1.501 
55 3 1 8 3 77.08 76.692 0.503 
55 3 1 8 6 77.08 78.221 1.481 
55 
55 
55 
55 
55 
55 
55 
55 
55 
55 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
8 
8 
10 
10 
10 
10 
10 
10 
10 
8 
10 
1 
2 
3 
4 
6 
8 
10 
79.17 
79.17 
75 
77.08 
77.08 
81.25 
81.25 
79.17 
79.17 
79.107 
79.896 
76.116 
76.655 
77.163 
77.641 
78.509 
79.271 
79.94 
0.08 
0.917 
1.489 
0.551 
0.108 
4.442 
3.373 
0.128 
0.973 
55 3 
1 12 2 79.17 76.897 2.871 
55 
55 
55 
55 
3 
3 
3 
3 
1 
1 
1 
1 
12 
12 
12 
12 
3 
4 
6 
8 
79.17 
79.17 
81.25 
81.25 
77.356 
77.785 
78.555 
79.221 
2.291 
1.75 
3.317 
2.498 
55 3 
1 12 10 81.25 79.797 1.788 
55 3 
1 15 1 72.92 76.129 4.4 
55 3 
1 
1 
15 
15 
2 
3 
75 
75 
76.577 
76.994 
2.103 
2.658 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
55 3 1 15 4 77.08 77.379 0.388 
55 3 1 15 8 79.17 78.651 0.656 
55 3 1 15 10 79.17 79.151 0.025 
55 3 3 1 1 78 78.231 0.297 
55 3 3 1 2 80 79.185 1.019 
55 3 3 1 3 80 80.133 0.166- 
55 3 3 1 4 82 81.073 1.131 
55 3 3 1 6 82 82.909 1.108 
55 3 3 1 8 84 84.665 0.792 
55 3 3 1 10 84 86.317 2.759 
55 3 3 2 1 80 78.573 1.783 
55 3 3 2 3 82 80.431 1.914 
55 3 3 2 4 82 81.344 0.8 
55 3 3 2 6 84 83.121 1.046 
55 3 3 2 8 84 84.815 0.97 
55 3 3 2 10 86 86.405 0.471 
55 3 3 5 1 80 79.486 0.642 
55 3 3 5 2 80 80.338 0.422 
55 3 3 5 3 82 81.173 1.008 
55 3 3 5 4 82 81.991 0.011 
55 3 3 5 6 84 83.566 0.517 
55 3 3 5 10 86 86.446 0.518 
55 3 3 8 1 80 80.089 0.111 
55 3 3 8 2 80 80.846 1.058 
55 3 3 8 3 84 81.582 2.878 
55 3 3 8 4 84 82.297 2.027 
55 3 3 8 6 86 83.664 2.717 
55 3 3 8 8 86 84.948 1.223 
55 3 3 8 10 86 86.153 0.178 
55 3 3 10 1 78 80.223 2.85 
55 3 3 10 2 80 80.921 1.151 
55 3 3 10 4 84 82.25 2.084 
55 3 3 10 6 84 83.494 0.602 
55 
55 
3 
3 
3 
3 
10 
10 
8 
10 
84 
86 
84.662 
85.76 
0.788 
0.279 
55 
55 
55 
55 
55 
55 
55 
55 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
12 
12 
12 
12 
12 
12 
15 
1 
2 
3 
4 
6 
8 
1 
78 
78 
81 
81 
82 
82 
80 
80.065 
80.715 
81.342 
81.947 
83.094 
84.17 
79.111 
2.647 
3.481 
0.422 
1.169 
1.335 
2.647 
1.112 
55 3 
3 15 2 81 79.723 1.577 
55 3 
3 15 3 81 80.31 0.852 
55 3 
3 15 4 82 80.875 1.372 
55 
55 
55 
3 
3 
3 
3 
3 
3 
15 
15 
15 
6 
8 
10 
83 
83 
83 
81.945 
82.947 
83.895 
1.272 
0.064 
1.078 
55 
55 
3 
3 
5 
5 
1 
1 
1 
2 
80 
82 
81.019 
81.867 
1.274 
0.163 
55 3 
5 1 3 82 82.685 0.835 
55 3 
5 
5 
1 
1 
6 
8 
84 
86 
84.928 
86.223 
1.105 
0.26 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
55 3 5 1 10 86 87.345 1.565 
55 3 5 2 1 82 81.393 0.74 
55 3 5 2 2 82 82.235 0.286 
55 3 5 2 3 84 83.044 1.138 
55 3 5 2 4 84 83.817 0.218 
55 3 5 2 6 86 85.245 0.878 
55 3 5 2 8 86 86.502 0.584 
55 3 5 2 10 88 87.584 0.473 
55 3 5 5 2 82 82.983 1.199 
55 3 5 5 3 84 83.749 0.298 
55 3 5 5 4 84 84.475 0.566 
55 3 5 5 6 86 85.799 0.234 
55 3 5 5 8 88 86.948 1.195 
55 3 5 5 10 88 87.927 0.083 
55 3 5 8 1 82 82.333 0.406 
55 3 5 8 2 82 83.089 1.328 
55 3 5 8 3 86 83.806 2.552 
55 3 5 8 4 86 84.482 1.765 
55 3 5 8 8 88 86.787 1.379 
55 3 5 8 10 88 87.705 0.335 
55 3 5 10 1 80 82.01 2.512 
55 3 5 10 2 82 82.737 0.898 
55 3 5 10 3 84 83.426 0.683 
55 3 5 10 4 86 84.079 2.234 
55 3 5 10 6 86 85.271 0.847 
55 3 5 10 8 86 86.319 0.371 
55 3 5 10 10 86 87.227 1.427 
55 3 5 12 1 80 81.283 1.604 
55 3 5 12 3 83 82.665 0.404 
55 3 5 12 4 83 83.305 0.367 
55 3 5 12 6 84 84.483 0.576 
55 3 5 12 8 84 85.532 1.824 
55 3 5 12 10 85 86.457 1.714 
55 3 5 15 1 78 79.297 1.662 
55 3 5 15 2 80 80.004 0.005 
55 3 5 15 3 83 80.682 2.792 
55 3 5 15 4 83 81.332 2.01 
55 3 5 15 6 84 82.547 1.729 
55 3 5 15 10 85 84.659 0.401 
55 3 7 1 1 80 81.336 1.67 
55 3 7 1 2 82 82.135 0.165 
55 3 7 1 3 84 82.906 1.303 
55 3 7 1 4 84 83.644 0.424 
55 3 7 1 6 86 85.01 1.151 
55 3 7 1 8 86 86.213 0.248 
55 3 7 1 10 86 87.244 1.446 
55 3 7 2 1 82 81.923 0.094 
55 3 7 2 2 82 82.706 0.861 
55 3 7 2 4 84 84.168 0.2 
55 3 7 2 6 86 85.471 0 615 
55 3 7 2 8 88 86.601 . 589 1 55 
55 
3 
3 
7 
7 
2 
5 
10 
1 
88 
84 
87.555 
83.25 
. 
0.506 
0.892 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
55 3 7 5 2 84 83.97 0.035 
55 3 7 5 3 84 84.645 0.768 
55 3 7 5 4 86 85.272 0.846 
55 3 7 5 6 88 86.387 1.833 
55 3 7 5 8 88 87.317 0.777 
55 3 7 8 1 84 83.736 0.314 
55 3 7 8 2 84 84.395 0.47 
55 3 7 8 3 86 85.002 1.16 
55 3 7 8 4 86 85.561 0.511 
55 3 7 8 6 86 86.535 0.622 
55 3 7 8 8 88 87.334 0.757 
55 3 7 8 10 88 87.977 0.026 
55 3 7 10 1 82 83.48 1.805 
55 3 7 10 2 84 84.114 0.136 
55 3 7 10 3 84 84.698 0.831 
55 3 7 10 6 86 86.166 0.193 
55 3 7 10 8 86 86.933 1.085 
55 3 7 10 10 87 87.557 0.64 
55 3 7 12 1 82 82.68 0.83 
55 3 7 12 2 82 83.314 1.602 
55 3 7 12 3 84 83.898 0.122 
55 3 7 12 4 84 84.435 0.517 
55 3 7 12 6 85 85.378 0.444 
55 3 7 12 8 85 86.165 1.37 
55 3 7 12 10 86 86.816 0.949 
55 3 7 15 2 80 80.988 1.236 
55 3 7 15 3 82 81.624 0.459 55 
55 
55 
55 
3 
3 
3 
3 
7 
7 
7 
7 
15 
15 
15 
15 
4 
6 
8 
10 
83 
84 
85 
85 
82.216 
83.278 
84.193 
84.98 
0.945 
0.86 
0.949 
0.023 55 3 9 1 1 82 82.31 0.378 
55 
55 
55 
55 
55 
55 
55 
55 
55 
3 
3 
3 
3 
3 
3 
3 
3 
3 
9 
9 
9 
9 
9 
9 
9 
9 
1 
1 
1 
1 
1 
2 
2 
2 
2 
3 
4 
8 
10 
1 
2 
3 
84 
84 
84 
88 
88 
84 
84 
85 
83.174 
84.011 
84.817 
87.636 
88.756 
83.053 
83.894 
84.703 
0.984 
0.013 
0.973 
0.414 
0.859 
1.127 
0.126 
0.35 
55 
55 
3 
3 
9 
9 
2 
2 
4 
6 
85 
87 
85.473 
86.884 
0.557 
0.133 
55 3 
9 2 8 88 88.102 0.116 
55 3 
9 2 10 88 89.114 1.265 
55 3 
9 5 1 84 84.81 0.964 
55 3 
9 5 4 86 86.895 1.041 
55 3 
9 5 6 88 88.025 0.028 
55 3 
9 5 8 88 88.943 1.072 
55 3 
9 5 10 90 89.659 0.379 
55 
55 
3 
3 
9 
9 
8 
8 
1 
2 
86 
86 
85.594 
86.23 
0.472 
0.268 
55 3 
9 8 3 88 86.81 1.352 9 8 4 88 87.335 0.756 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp 
l 
efflical %diff 
55 3 9 8 6 88 88.225 0.256 
55 3 9 8 8 90 88.917 1.203 
55 3 9 10 1 84 85.428 1.7 
55 3 9 10 2 86 86.007 0.009 
55 3 9 10 3 87 86.531 0.539 
55 3 9 10 4 87 87.001 0.001 
55 3 9 10 6 87 87.791 0.909 
55 3 9 10 8 88 88.402 0.457 
55 3 9 10 10 88 88.861 0.979 
55 3 9 12 1 84 84.62 0.738 
55 3 9 12 2 85 85.17 0.2 
55 3 9 12 3 86 85.666 0.389 
55 3 9 12 6 86 86.866 1.007 
55 3 9 12 8 87 87.461 0.53 
55 3 9 12 10 87 87.925 1.063 
55 3 9 15 1 82 82.07 0.085 
55 3 9 15 2 84 82.633 1.628 
55 3 9 15 3 84 83.149 1.013 
55 3 9 15 4 86 83.622 2.765 
55 3 9 15 6 86 84.452 1.8 
55 3 9 15 8 86 85.147 0.992 
55 3 9 15 10 86 85.73 0.314 
70 1 1 1 2 60 60.258 0.43 
70 1 1 1 3 62 61.726 0.442 
70 1 1 1 4 65 63.103 2.918 
70 1 1 1 6 65 65.597 0.918 
70 1 1 1 8 68 67.763 0.348 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
10 
1 
2 
3 
68 
60 
60 
62 
69.631 
60.121 
61.593 
62.974 
2.398 
0.201 
2.655 
1.571 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
5 
5 
5 
5 
5 
5 
4 
8 
10 
1 
2 
3 
4 
6 
8 
65 
70 
70 
62 
62 
64 
68 
70 
70 
64.267 
68.617 
70.352 
63.168 
64.415 
65.579 
66.663 
68.607 
70.279 
1.128 
1.975 
0.503 
1.883 
3.895 
2.467 
1.967 
1.99 
0.399 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
5 
8 
8 
8 
8 
10 
1 
3 
4 
6 
72 
64 
67 
70 
70 
71.711 
64.237 
66.36 
67.315 
69.032 
0.401 
0.37 
0.955 
3.836 
1.383 
70 1 
1 8 8 74 70.517 4.707 
70 1 
1 8 10 74 71.797 2.977 
70 1 
1 10 1 64 63.782 0.341 
70 
70 
1 
1 
1 
1 
10 
10 
2 
3 
65 
65 
64.823 
65.798 
0.272 
1.228 
70 1 
1 10 4 67 66.711 0.431 
70 1 
1 10 6 67 68.364 2.036 1 10 10 72 71.069 1.293 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 1 1 12 1 60 62.395 3.991 
70 1 1 12 2 62 63.403 2.263 
70 1 12 3 64 64.354 0.553 
70 1 12 4 64 65.251 1.955 
70 1 12 6 66 66.894 1.354 
70 1 12 8 70 68.353 2.353 
70 1 1 12 10 70 69.647 0.504 
70 1 1 15 1 58 58.78 1.344 
70 1 1 15 2 60 59.749 0.419 
70 1 1 15 4 62 61.565 0.702 
70 1 1 15 6 64 63.23 1.203 
70 1 15 8 64 64.758 1.184 
70 1 1 15 10 66 66.158 0.239 
70 1 3 1 1 56.82 55.282 2.707 
70 1 3 1 2 56.82 56.996 0.311 
70 1 3 1 3 59.09 58.616 0.803 
70 1 3 1 4 62.5 60.14 3.775 
70 3 1 6 62.5 62.911 0.658 
70 3 1 8 65.91 65.327 0.884 
70 1 3 2 1 56.82 56.81 0.018 
70 1 3 2 2 56.82 58.44 2.851 
70 1 3 2 3 59.09 59.974 1.496 
70 1 3 2 4 62.5 61.414 1.737 
70 1 3 2 6 65.91 64.021 2.865 
70 1 3 2 8 65.91 66.284 0.567 
70 1 3 2 10 68.18 68.229 0.072 
70 1 3 5 1 59.09 60.062 1.645 
70 1 3 5 2 59.09 61.469 4.027 
70 1 3 5 3 59.09 62.785 6.254 
70 1 3 5 6 65.91 66.221 0.472 
70 1 3 5 8 65.91 68.122 3.356 
70 1 3 5 10 68.18 69.749 2.301 
70 1 3 8 1 61.36 61.135 0.367 
70 
70 
1 
1 
3 
3 
8 
8 
2 
3 
62.5 
62.5 
62.386 
63.556 
0.182 
1.69 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
8 
8 
8 
8 
10 
10 
10 
10 
10 
4 
6 
8 
10 
2 
3 
4 
6 
8 
65.91 
68.18 
68.18 
68.18 
61.36 
62.5 
62.5 
63.64 
65.91 
64.648 
66.615 
68.317 
69.783 
61.768 
62.878 
63.92 
65.808 
67.461 
1.915 
2.296 
0.2 
2.351 
0.665 
0.605 
2.271 
3.407 
2.354 
70 1 
3 10 10 65.91 68.904 4.542 
70 1 
3 12 1 59.09 59.074 0.027 
70 1 
3 12 2 61.36 60.205 1.882 
70 
3 12 3 61.36 61.275 0.139 
70 1 
3 12 4 63.64 62.285 2.13 
70 1 
3 12 8 63.64 65.79 3.378 
70 
70 1 
3 
3 
12 
15 
10 
1 
63.64 
57.95 
67.257 
55.372 
5.683- 
4.449 
3 15 2 57.95 56.418 2.644 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 3 15 3 59.09 57.421 2.825 
70 1 3 15 4 61.36 58.383 4.852 
70 1 3 15 6 61.36 60.192 1.904 
70 1 3 15 8 62.5 61.856 1.03 
70 1 3 15 10 62.5 63.388 1.421 
70 1 5 1 1 62.22 60.351 3.004 
70 1 5 1 3 64.44 63.487 1.478 
70 5 1 4 64.44 64.893 0.703 
70 1 5 1 6 64.44 67.379 4.561 
70 1 5 1 8 68.89 69.443 0.802 
70 1 5 1 10 68.89 71.102 3.211 
70 1 5 2 1 62.22 61.855 0.587 
70 1 5 2 2 64.44 63.394 1.623 
70 5 2 3 64.44 64.824 0.596 
70 1 5 2 4 64.44 66.144 2.645 
70 1 5 2 6 66.67 68.463 2.689 
70 1 5 2 10 71.11 71.879 1.081 
70 1 5 5 1 64.44 64.882 0.686 
70 1 5 5 2 66.67 66.195 0.713 
70 1 5 5 3 66.67 67.4 1.095 
70 1 5 5 4 68.89 68.5 0.566 
70 1 5 5 6 68.89 70.399 2.19 
70 1 5 5 8 71.11 71.921 1.141 
70 1 5 5 10 73.33 73.1 0.314 
70 1 5 8 1 66.67 65.484 1.78 
70 1 5 8 2 68.89 66.623 3.291 
70 1 5 8 4 71.11 68.613 3.512 
70 1 5 8 6 73.33 70.245 4.207 
70 1 5 8 8 73.33 71.552 2.425 
70 1 5 8 10 75.56 72.567 3.961 
70 1 5 10 1 62.22 64.518 3.694 
70 1 5 10 2 64.44 65.568 1.751 
70 1 5 10 3 64.44 66.532 3.246 
70 1 5 10 4 66.67 67.413 1.115 
70 1 5 10 6 66.67 68.943 3.41 
70 1 5 10 8 68.89 70.189 885 1 
70 
70 
70 
1 
1 
1 
5 
5 
5 
12 
12 
12 
1 
2 
3 
60 
62.22 
62.22 
62.579 
63.547 
64.443 
. 
4.299 
2.133 
3 573 70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
5 
5 
5 
5 
5 
12 
12 
12 
12 
15 
4 
6 
8 
10 
1 
64.44 
66.67 
66.67 
66.67 
60 
65.27 
66.73 
67.952 
68.96 
58.371 
. 
1.288 
0.09 
1.922 
3.435 
2.716 
70 1 
5 15 2 62.22 59.196 4.86 
70 1 
5 15 3 62.22 59.973 3.611 
70 1 
5 15 6 64.44 62.04 3.725 
70 1 
5 15 8 64.44 63.219 1.895 
70 
70 
70 
1 
1 
1 
5 
7 
7 
15 
1 
1 
10 
1 
2 
65.56 
54.29 
54.29 
64.258 
51.708 
53.365 
1.986 
4.756 
1.705 
70 1 
7 1 3 57.14 54.918 3.888 
7 1 4 57.14 56.367 1.353 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 1 7 1 6 57.14 58.946 3.16 
70 1 7 1 8 60 61.106 1.844 
70 1 7 1 10 60 62.866 4.777 
70 1 7 2 2 54.29 55.258 1.784 
70 1 7 2 3 54.29 56.745 4.521 
70 1 7 2 4 54.29 58.123 7.059 
70 1 7 2 6 57.14 60.555 5.976 
70 1 7 2 8 62.86 62.568 0.465 
70 1 7 2 10 62.86 64.184 2.107 
70 1 7 5 1 57.14 57.999 1.504 
70 1 7 5 2 57.14 59.412 3.977 
70 1 7 5 3 60 60.713 1.189 
70 1 7 5 4 62.86 61.904 1.52 
70 1 7 5 8 65.71 65.626 0.128 
70 1 7 5 10 68.57 66.915 2.413 
70 1 7 8 1 60 59.815 0.309 
70 1 7 8 2 65.71 61.076 7.052 
70 1 7 8 3 65.71 62.233 5.292 
70 1 7 8 4 68.57 63.288 7.703 
70 1 7 8 6 68.57 65.107 5.051 
70 1 7 8 8 71.43 66.563 6.814 
70 1 7 8 10 71.43 67.69 5.236 
70 1 7 10 1 57.14 59.651 4.395 
70 1 7 10 3 65.71 61.899 5.8 
70 1 7 10 4 65.71 62.884 4.301 
70 1 7 10 6 68.57 64.594 5.798 
70 1 7 10 8 68.57 65.981 3.775 
70 1 7 10 10 68.57 67.073 2.183 
70 1 7 12 1 54.29 58.574 7.891 
70 1 7 12 2 57.14 59.648 4.39 
70 1 7 12 3 57.14 60.642 6.129 
70 1 7 12 4 60 61.558 2.597 70 1 7 12 6 60 63.17 5.283 
70 1 7 12 10 62.86 65.587 4.339 
70 1 7 15 1 54.29 55.885 2.938 
70 1 7 15 2 54.29 56.779 584 4 
70 
70 
70 
1 
1 
1 
7 
7 
7 
15 
15 
15 
3 
4 
6 
54.29 
57.14 
57.14 
57.616 
58.398 
59.806 
. 
6.126 
2.201 
665 4 
70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
7 
7 
9 
9 
9 
15 
15 
1 
1 
1 
8 
10 
1 
2 
4 
60 
62.86 
64.71 
64.71 
71.76 
61.019 
62.053 
64.013 
65.806 
69.165 
. 
1.699 
1.284 
1.078 
1.694 
3.616 
70 
70 
1 
1 
9 
9 
1 
1 
6 
8 
74.12 
74.12 
72.198 
74.894 
2.593 
1.044 
70 1 
9 1 10 76.47 77.256 1.027 
70 1 
9 2 1 64.71 65.736 1.585 
70 1 
9 2 2 67.06 67.462 0.6 
70 1 
9 2 3 71.76 69.107 3.697 
70 1 
9 2 4 71.76 70.668 1.522 
70 1 
9 2 6 74.12 73.532 0.793 
9 2 8 76.47 76.053 0.545 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 1 9 5 1 67.06 69.386 3.469 
70 1 9 5 2 67.06 70.901 5.727 
70 1 9 5 3 74.12 72.324 2.423 
70 1 9 5 4 74.12 73.657 0.625 
70 1 9 5 6 74.12 76.057 2.613 
70 1 9 5 8 76.47 78.122 2.16 
70 1 9 5 10 76.47 79.877 4.455 
70 1 9 8 1 69.41 70.562 1.659 
70 1 9 8 2 71.76 71.863 0.143 
70 1 9 8 3 74.12 73.077 1.407 
70 1 9 8 6 78.82 76.23 3.286 
70 1 9 8 8 78.82 77.958 1.094 
70 1 9 8 10 81.18 79.421 2.167 
70 1 9 10 1 69.41 70.06 0.937 
70 1 9 10 2 70.59 71.212 0.881 
70 1 9 10 3 71.76 72.287 0.734 
70 1 9 10 4 71.76 73.289 2.13 
70 1 9 10 6 74.12 75.086 1.304 
70 1 9 10 8 76.47 76.633 0.213 
70 1 9 10 10 78.82 77.957 1.095 
70 1 9 12 2 69.41 69.768 0.516 
70 1 9 12 3 69.41 70.692 1.846 
70 1 9 12 4 70.59 71.555 1.367 
70 1 9 12 6 71.76 73.118 1.892 
70 1 9 12 8 74.12 74.482 0.489 
70 1 9 12 10 74.12 75.674 2.097 
70 1 9 15 1 67.06 66.118 1.405 
70 1 9 15 2 67.06 66.818 0.361 
70 1 9 15 3 67.06 67.477 0.622 
70 1 9 15 4 69.41 68.098 1.891 
70 1 9 15 8 71.76 70.264 2.085 
70 1 9 15 10 72.94 71.196 2.391 
70 3 1 1 1 72.92 69.557 4.613 
70 3 1 1 2 70.83 71.143 0.441 
70 3 1 1 3 72.92 72.54 0.521 
70 3 1 1 4 72.92 73.735 1.118 
70 3 1 1 6 75 75.478 0.638 
70 
70 
3 
3 
1 
1 
1 
1 
8 
10 
75 
77.08 
76.353 
76.455 
1.804 
811 0 
70 3 1 2 1 72.92 71.423 . 053 2 
70 
70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
5 
3 
4 
6 
8 
10 
1 
72.92 
72.92 
77.08 
77.08 
77.08 
75 
74.398 
75.591 
77.33 
78.19 
78.241 
75.746 
. 
2.027 
3.662 
0.325 
1.44 
1.506 
0.994 
70 3 
1 5 2 77.08 77.277 0.255 
70 
70 
3 
3 
1 
1 
5 
5 
3 
4 
77.08 
79.17 
78.632 
79.8 
2.013 
0.796 
70 3 
1 5 6 86.46 81.538 5.693 
70 3 
1 5 10 85.42 82.483 3.438 
70 3 
1 8 1 77.08 77.698 0.801 
1 8 2 79.17 79.155 0.019 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 3 1 8 3 81.25 80.459 0.974 
70 3 1 8 4 83.33 81.602 2.073 
70 3 1 8 6 83.33 83.375 0.055 
70 3 1 8 8 81.25 84.41 3.889 
70 3 1 8 10 81.25 84.662 4.2 
70 3 1 10 1 77.08 77.602 0.678 
70 3 1 10 2 79.17 79.002 0.212 
70 3 1 10 4 83.33 81.396 2.321 
70 3 1 10 6 81.25 83.205 2.406 
70 3 1 10 8 81.25 84.368 3.837- 
70 3 1 10 10 81.25 84.823 4.397 
70 3 1 12 1 79.17 76.524 3.343 
70 3 1 12 2 79.17 77.851 1.666 
70 3 1 12 3 81.25 79.067 2.687 
70 3 1 12 4 81.25 80.167 1.333 
70 3 1 12 6 81.25 81.996 0.918 
70 3 1 12 8 86.46 83.279 3.679 
70 3 15 1 77.08 73.649 4.451 
70 3 1 15 2 75 74.818 0.242 
70 3 1 15 3 75 75.91 1.213 
70 3 1 15 4 77.08 76.921 0.206 
70 3 1 15 6 78.13 78.685 0.71 
70 3 1 15 8 78.13 80.06 2.47 
70 3 1 15 10 79.17 80.977 2.283 
70 3 3 1 1 74 72.994 1.359 
70 3 3 1 2 74 74.249 0.336 
70 3 3 1 3 75 75.304 0.405 
70 3 3 1 6 78 77.208 1.015 
70 3 3 1 8 78 77.491 0.652 
70 3 3 1 10 78 77.195 1.032 
70 3 3 2 1 76 74.387 2.123 
70 3 3 2 2 76 75.671 0.433 
70 3 3 2 3 77 76.752 0.322 
70 3 3 2 4 77 77.621 0.806 
70 3 3 2 6 78 78.703 0.901 
70 3 3 2 8 79 78.962 0.049 
70 3 3 2 10 79 78.57 0.544 
70 3 3 5 2 79 78.922 0.099 
70 3 3 5 3 79 80.043 1.32 
70 3 3 5 4 80 80.957 196 1 70 
70 
70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 
5 
5 
8 
8 
8 
8 
6 
8 
10 
1 
2 
3 
4 
84 
84 
85 
79 
82 
82 
83 
82.13 
82.427 
81.938 
78.743 
80.034 
81.153 
82.09 
. 
2.226 
1.872 
3.602 
0.326 
2.397 
1.033 
1.096 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
8 
8 
10 
10 
10 
8 
10 
1 
2 
3 
85 
85 
77 
78 
78 
83.861 
83.534 
78.23 
79.473 
80.566 
1.34 
1.724 
1.598 
1.889 
3.29 
3 10 4 80 81.502 1.877 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
70 3 3 10 6 81 82.865 2.302 
70 3 3 10 8 81 83.5 3.086 
70 3 3 10 10 82 83.377 1.679 
70 3 3 12 1 77 76.866 0.174 
70 3 3 12 3 78 79.068 1.369 
70 3 3 12 4 79 79.977 1.237 
70 3 3 12 6 80 81.372 1.715 
70 3 3 12 8 81 82.147 1.416 
70 3 3 12 10 81 82.244 1.536 
70 3 3 15 1 75 73.871 1.506 
70 3 3 15 2 75 74.851 0.199 
70 3 3 15 3 76 75.746 0.334 
70 3 3 15 4 76 76.551 0.725 
70 3 3 15 6 78 77.867 0.171 
70 3 3 15 10 80 79.086 1.142 
70 3 5 1 1 76 75.515 0.638 
70 3 5 1 2 78 76.82 1.513 
70 3 5 1 3 78 77.93 0.089 
70 3 5 1 4 79 78.846 0.195 
70 3 5 1 6 80 80.127 0.159 
70 3 5 1 8 80 80.818 1.022 
70 3 5 1 10 80 81.16 1.45 
70 3 5 2 1 76 76.699 0.92 
70 3 5 2 2 79 78.065 1.184 
70 3 5 2 4 80 80.179 0.224 
70 3 5 2 6 80 81.482 1.853 
70 3 5 2 8 81 82.108 1.367 
70 3 5 2 10 81 82.293 1.596 
70 3 5 5 1 80 79.591 0.512 
70 3 5 5 2 80 81.084 1.355 
70 3 5 5 3 81 82.362 1.681 
70 3 5 5 4 82 83.415 1.726 
70 3 5 5 6 86 84.838 1.351 
70 3 5 5 8 86 85.41 0.686 
70 3 5 8 1 82 81.016 1.2 
70 3 5 8 2 84 82.535 1.744 
70 3 5 8 3 84 83.855 0.173 
70 3 5 8 4 86 84.965 1.204 
70 3 5 8 6 90 86.526 3.859 
70 3 5 8 8 90 87.208 3 102 70 
70 
70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
8 
10 
10 
10 
10 
10 
10 
10 
1 
2 
3 
6 
8 
10 
90 
79 
84 
84 
86 
88 
88 
87.1 
80.998 
82.471 
83.768 
86.495 
87.285 
87.275 
. 
3.222 
2.529 
1.82 
0.277 
0.576 
0.813 
0.824 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
5 
5 
5 
5 
5 
12 
12 
12 
12 
12 
1 
2 
3 
4 
6 
79 
81 
82 
84 
84 
80.34 
81.716 
82.942 
84.008 
85.622 
1.696 
0.884 
1.149 
0.009 
1.931 
5 12 8 85 86.496 1.76 
Appendix C Page 167 
Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 3 5 12 10 85 86.612 1.896 
70 3 5 15 2 80 79.873 0.159 
70 3 5 15 3 80 80.914 1.142 
70 3 5 15 4 82 81.837 0.199 
70 3 5 15 6 84 83.297 0.837 
70 3 5 15 8 84 84.181 0.216 
70 3 5 15 10 85 84.43 0.671 
70 3 7 1 1 82 83.09 1.329 
70 3 7 1 2 84 83.797 0.242 
70 3 7 1 3 84 84.333 0.397 
70 3 7 1 4 86 84.71 1.5 
70 3 7 1 8 86 85.084 1.066 
70 3 7 1 10 87 84.972 2.331 
70 3 7 2 1 84 84.011 0.013 
70 3 7 2 2 84 84.787 0.937 
70 3 7 2 3 85 85.374 0.44 
70 3 7 2 4 85 85.778 0.916 
70 3 7 2 6 86 86.112 0.13 
70 3 7 2 8 86 85.994 0.007 
70 3 7 2 10 87 85.665 1.535- 
70 3 7 5 1 84 85.499 1.785 
70 3 7 5 3 86 87.2 1.396 
70 3 7 5 4 87 87.715 0.821 
70 3 7 5 6 87 88.103 1.268- 
70 3 7 5 8 87 87.777 0.894 
70 3 7 5 10 87 86.992 0.009 
70 3 7 8 1 87 85.739 1.449 
70 3 7 8 2 87 86.793 0.238 
70 3 7 8 3 87 87.628 0.722 
70 3 7 8 4 91 88.235 3.038 
70 3 7 8 6 91 88.765 2.456 
70 3 7 8 10 87 87.484 0.556 
70 3 7 10 1 85 85.408 0.479 
70 3 7 10 2 87 86.443 0.641 
70 3 7 10 3 87 87.276 0.317 
70 3 7 10 4 91 87.898 3.409 
70 3 7 10 6 87 88.487 1.709 
70 3 7 10 8 87 88.225 1.408 
70 3 7 10 10 86 87.241 1.443 
70 3 7 12 1 84 84.808 0.962 
70 3 7 12 2 86 85.759 0.28 
70 3 7 12 4 87 87.12 0.138 
70 3 7 12 6 87 87.701 0.805 
70 3 7 12 8 86 87.477 1.717 
70 3 7 12 10 86 86.511 0.595 
70 3 7 15 1 84 83.76 0.285 
70 3 7 15 2 84 84.498 0.593 
70 3 7 15 3 86 85.098 1.049 
70 3 7 15 4 86 85.552 0.521 
70 3 7 15 6 87 85.984 1.168 
70 3 7 15 8 86 85.737 0.306 
70 
70 
3 
3 
9 
9 
1 
1 
1 
2 
86 
86 
86.591 
87.228 
0.687 
1.428 
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Training Outcome (NN)-Salinity Eifficiency 
X1 x2 x3 x4 x5 eff1, exp 
J 
effi cal %diff 
70 3 9 1 3 87 87.764 0.878 
70 3 9 1 4 87 88.222 1.405 
70 3 9 1 6 87 89.009 2.309 
70 3 9 1 8 87 89.786 3.202 
70 3 9 1 10 91 90.679 0.352 
70 3 9 2 1 87 88.26 1.448- 
70 3 9 2 2 91 88.945 2.258 
70 3 9 2 3 91 89.5 1.648 
70 3 9 2 6 91.3 90.606 0.76 
70 3 9 2 8 91.5 91.148 0.385 
70 3 9 2 10 91.5 91.739 0.261 
70 3 9 5 1 92.1 91.027 1.166 
70 3 9 5 2 92.4 91.829 0.618 
70 3 9 5 3 92.8 92.436 0.392 
70 3 9 5 4 92.8 92.859 0.064 
70 3 9 5 6 92.5 93.237 0.796 
70 3 9 5 8 92.3 93.19 0.964 
70 3 9 5 10 92.3 92.979 0.736 
70 3 9 8 2 93.2 92.32 0.944 
70 3 9 8 3 93.4 92.96 0.472 
70 3 9 8 4 93.2 93.383 0.197 
70 3 9 8 6 93.1 93.63 0.569 
70 3 9 8 8 93 93.233 0.25 
70 3 9 8 10 92.9 92.463 0.47 
70 3 9 10 1 91.9 91.386 0.559 
70 3 9 10 2 93 92.217 0.842 
70 3 9 10 3 93.1 92.836 0.284 
70 3 9 10 4 93.1 93.239 0.149 
70 3 9 10 8 92.8 92.873 0.078 
70 3 9 10 10 92.7 91.838 0.93 
70 3 9 12 1 91.7 91.451 0.271 
70 3 9 12 2 92.8 92.198 0.649 
70 3 9 12 3 93 92.747 0.272 
70 3 9 12 4 92.9 93.092 0.207 
70 3 9 12 6 92.9 93.171 292 0 
70 3 9 12 8 92.6 92.495 . 114 0 
70 
70 
70 
3 
3 
3 
9 
9 
9 
12 
15 
15 
10 
1 
2 
92.5 
91.7 
92.2 
91.243 
92.079 
92.62 
. 
1.359 
0.413 
455 0 70 
70 
3 
3 
9 
9 
15 
15 
3 
4 
92.5 
92.7 
92.994 
93.193 
. 
0.534 
532 0 70 39 
70 39 
70 39 
15 
15 
_ 15 
6 
8 ý_ 
10 
92.5 
92.5 
92.1 
93.047 
92.176 
90.662 
. 
0.592 
0.35 
1.561 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
55 1 1 1 1 18.75 15.45 17.601 
55 1 1 1 2 31.25 25.603 18.069 
55 1 1 1 3 37.5 30.916 17.557 
55 1 1 4 37.5 33.885 9.64 
55 1 1 1 6 38.75 33.455 13.665 
55 1 1 1 8 38.75 30.457 21.401 
55 1 1 10 38.75 27.306 29.532 
55 1 2 2 31.25 38.012 21.637 
55 1 2 3 37.5 43.558 16.155 
55 1 1 2 4 43.75 46.779 6.923 
55 1 2 6 40.63 47.115 15.961 
55 1 1 2 8 40.63 45.002 10.761 
55 1 1 2 10 37.5 42.712 13.898 
55 1 1 5 1 25 30.846 23.385 
55 1 1 5 2 37.5 40.678 8.475 
55 1 1 5 3 43.75 45.986 5.111 
55 1 1 5 4 50 48.975 2.051 
55 1 1 5 8 40.63 47.763 17.556 
55 1 1 5 10 37.5 45.588 21.567 
55 1 1 8 1 31.25 28.725 8.081 
55 1 1 8 2 47.5 38.198 19.584 
55 1 1 8 3 47.5 43.192 9.069 
55 1 8 4 50 45.887 8.226 
55 1 8 6 47.5 46.493 2.121 
55 1 1 8 8 43.75 45.022 2.906 
55 1 1 8 10 43.75 42.914 1.911 
55 1 1 10 1 27.5 27.262 0.867 
55 1 1 10 3 43.75 41.134 5.98 
55 1 1 10 4 50 43.532 12.936 
55 1 1 10 6 47.5 43.978 7.414 
55 1 1 10 8 43.75 42.502 2.852 
55 1 1 10 10 40.63 40.3 0.813 
55 1 1 12 1 25 27.127 8.506 
55 1 1 12 2 37.5 36.047 3.874 
55 1 1 12 3 40.63 40.332 0.735 
55 1 1 12 4 43.75 42.379 3.134 
55 1 1 12 6 40.63 42.53 4.676 
55 1 1 12 10 37.5 38.488 2.635 
55 1 1 15 1 25 27.438 9.753 55 1 1 15 2 34.38 36.049 4.856 
55 1 1 15 3 37.5 39.794 6 117 
55 1 1 15 4 40.63 41.38 . 1 845 55 
55 
55 
55 
55 
55 
55 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
15 
15 
15 
1 
1 
1 
6 
8 
10 
1 
2 
4 
40 
40 
37.5 
7.14 
10.71 
11.43 
41.161 
39.376 
36.725 
6.194 
16.035 
22.622 
. 
2.904 
1.56 
2.068 
13.254 
49.723 
97.914 
55 1 
3 1 6 12.86 22.351 73.805 
55 1 
3 1 8 12.86 20.701 60.972 
55 1 
3 1 10 14.29 18.868 32.039 
3 2 1 21.43 20.995 2.029 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 
- F-X5 
eff1, exp eff1, cal %diff 
55 1 3 2 2 42.86 30.959 27.768 
55 1 3 2 3 45.71 35.688 21.925 
55 1 3 2 4 46.43 37.92 18.328 
55 3 2 6 45.71 38.387 16.02 
55 1 3 2 8 46.43 37.628 18.957 
55 1 3 5 1 25.71 29.325 14.062 
55 3 5 2 42.86 38.718 9.664 
55 1 3 5 3 42.86 42.843 0.039 
55 1 3 5 4 46.43 44.639 3.857 
55 1 3 5 6 46.43 44.877 3.344 
55 1 3 5 8 48.57 44.111 9.181 
55 1 3 5 10 46.43 43.226 6.902 
55 1 3 8 1 35.71 33.032 7.5 
55 1 3 8 2 46.43 42.102 9.322 
55 3 8 3 46.43 45.781 1.398 
55 3 8 6 48.57 47.482 2.241 
55 1 3 8 8 48.57 46.804 3.636 
55 1 3 8 10 48.57 45.969 5.355 
55 1 3 10 1 32.14 33.296 3.596 
55 1 3 10 2 44.29 42.284 4.529 
55 1 3 10 3 45.71 45.777 0.146 
55 1 3 10 4 50 47.216 5.567 
55 1 3 10 6 50 47.555 4.891 
55 1 3 10 8 46.43 47.098 1.439 
55 1 3 10 10 44.29 46.455 4.889 
55 1 3 12 2 35.71 40.473 13.338 
55 1 3 12 3 39.29 43.823 11.536 
55 1 3 12 4 39.29 45.24 15.144 
55 1 3 12 6 42.86 45.811 6.885 
55 1 3 12 8 42.86 45.659 6.53 
55 1 3 12 10 42.86 45.303 5.7 
55 1 3 15 1 31.43 24.163 23.121 
55 1 3 15 2 32.14 32.99 2.644 
55 1 3 15 3 32.14 36.088 12.284 
55 1 3 15 4 34.29 37.451 9.219 
55 1 3 15 8 39.29 38.561 1.856 
55 1 3 15 10 39.29 38.634 1.67 
55 1 5 1 1 33.33 28.835 13.485 
55 1 5 1 2 36 38.294 6.372 
55 1 5 1 3 38.67 41.629 7.652 
55 1 5 1 4 38.67 42.627 10.232 
55 1 5 1 6 36 41.757 15.991 
55 1 5 1 8 36 39.9 10.834 
55 1 5 1 10 34.67 37.72 8.798 
55 1 5 2 1 44 43.932 0.155 
55 1 5 2 3 60 57.26 4.567 
55 1 5 2 4 66.67 58.659 12.016 
55 1 5 2 6 65.33 58.838 9 936 
55 1 5 2 8 63.33 58.175 . 8.14 55 
55 
55 
55 
1 
1 
1 
1 
5 
5 
5 
5 
2 
5 
5 
5 
10 
1 
2 
3 
63.33 
30.67 
46.67 
46.67 
57.279 
49.087 
58.32 
61.493 
9.555 
60.049 
24.962 
31.762 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
55 1 5 5 4 65.33 62.732 3.976 
55 1 5 5 6 50 63.107 26.214 
55 1 5 5 10 48 62.379 29.956 
55 1 5 8 1 53.33 51.017 4.338 
55 1 5 8 2 63.33 59.806 5.564 
55 1 5 8 3 65.33 62.556 4.247 
55 1 5 8 4 66.67 63.624 4.568 
55 1 5 8 6 65.33 64.062 1.941 
55 1 5 8 8 65.33 63.99 2.052 
55 1 5 8 10 63.33 63.774 0.701 
55 1 5 10 1 51.33 51.636 0.597 
55 1 5 10 2 62.67 60.176 3.979 
55 1 5 10 4 66.67 63.688 4.472 
55 1 5 10 6 63.33 64.197 1.368 
55 1 5 10 8 63.33 64.268 1.481 
55 1 5 10 10 62.67 64.214 2.463 
55 1 5 12 1 49.33 51.506 4.412 
55 1 5 12 2 62.67 59.832 4.528 
55 1 5 12 3 64 62.169 2.861 
55 1 5 12 4 66.67 63.122 5.321 
55 1 5 12 6 65.33 63.741 2.432 
55 1 5 12 8 65.33 63.981 2.065 
55 1 5 15 1 46.67 47.118 0.959 
55 1 5 15 2 57.33 55.236 3.653 
55 1 5 15 3 60 57.437 4.272 
55 1 5 15 4 62.67 58.45 6.734 
55 1 5 15 6 33.33 59.419 6.176 
55 
55 
1 
1 
5 
5 
15 
15 
8 
10 
62.67 
60 
60.072 
60.62 
4.145 
1.033 
55 1 7 1 1 37.5 30.874 17.67 
55 1 7 1 2 40 39.472 1.319 
55 1 7 1 3 42.5 41.626 2.056 
55 1 7 1 6 40 41.265 3.162 
55 1 7 1 8 40 39.908 0.23 
55 1 7 1 10 38.75 38.376 0 966 55 
55 
55 
55 
1 
1 
1 
1 
7 
7 
7 
7 
2 
2 
2 
2 
1 
2 
3 
4 
47.5 
62.5 
62.5 
68.75 
47.182 
56.064 
58.584 
59.513 
. 
0.67 
10.298 
6.266 
436 13 55 
55 
55 
55 
1 
1 
1 
1 
7 
7 
7 
2 
2 
2 
6 
8 
10 
67.5 
65.63 
65.63 
59.856 
59.772 
59.606 
. 
11.324 
8.926 
9.179 
55 
55 
55 
1 
1 
1 
7 
7 
7 
5 
5 
5 
2 
3 
4 
50 
50 
67.5 
59.512 
61.655 
62.471 
19.025 
23.31 
7.45 
55 1 
7 5 6 53.13 62.919 18.424 
55 1 
7 5 8 52.5 63.054 20.102 
55 1 
7 5 10 51.25 63.142 23.203 
55 1 
7 8 1 56.25 52.345 6.943 
55 1 
7 8 2 65.63 60.096 8.432 
55 1 
7 8 3 67.5 61.865 8.348 
55 1 
7 
7 
8 
8 
4 
8 
68.75 
67.5 
62.526 
63.059 
9.053 
6.579 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
55 1 7 8 10 65.63 63.174 3.742 
55 1 7 10 1 54.38 52.921 2.682 
55 1 7 10 2 65 60.339 7.17 
55 1 7 10 3 65 61.9 4.769 
55 1 7 10 4 68.75 62.481 9.119 
55 1 7 10 6 65.63 62.837 4.256 
55 1 7 10 8 65.63 62.994 4.017 
55 1 7 10 10 65 63.125 2.885 
55 1 7 12 1 52.5 53.334 1.588 
55 1 7 12 3 66.25 61.83 6.671 
55 1 7 12 4 68.75 62.346 9.315 
55 1 7 12 6 67.5 62.684 7.134 
55 1 7 12 8 67.5 62.854 6.882 
55 1 7 12 10 62.5 63.004 0.807 
55 1 7 15 1 50 51.705 3.41 
55 1 7 15 2 60 58.45 2.584 
55 1 7 15 3 62.5 59.658 4.548 
55 1 7 15 4 65 60.142 7.474 
55 1 7 15 6 65.63 60.551 7.738 
55 1 7 15 10 62.5 61.08 2.271 
55 1 9 1 1 31.25 30.324 2.963 
55 1 9 1 2 37.5 37.476 0.065 
55 1 9 1 3 40 38.487 3.782 
55 1 9 1 4 40 38.383 4.042 
55 1 9 1 6 37.5 37.165 0.894 
55 1 9 1 8 37.5 35.59 5.095 
55 1 9 1 10 35 33.868 3.233 
55 1 9 2 1 43.75 48.524 10.913 
55 1 9 2 2 56.25 56.047 0.361 
55 1 9 2 4 65.63 58.03 11.58 
55 1 9 2 6 62.5 58.123 7.003 
55 1 9 2 8 50 57.974 15.948 
55 1 9 2 10 37.5 57.78 54.079 
55 1 9 5 1 43.75 52.476 19.944 
55 1 9 5 2 46.88 59.496 26.911 
55 1 9 5 3 46.88 60.776 29.642 
55 1 9 5 4 65.63 61.23 6.704 
55 1 9 5 6 51.25 61.473 19.948 
55 1 9 5 8 50 61.546 23.092 
55 1 9 8 1 51.25 53.346 4.09 55 1 9 8 2 65.63 59.867 8 782 
55 1 9 8 3 67.5 60.896 . 783 9 55 
55 
55 
55 
55 
55 
55 
55 
55 
1 
1 
1 
1 
1 
1 
1 
1 
9 
9 
9 
9 
9 
9 
9 
9 
8 
8 
8 
8 
10 
10 
10 
10 
4 
6 
8 
10 
1 
2 
3 
6 
68.75 
67.5 
62.5 
50 
51.25 
65 
65 
62.5 
61.254 
61.447 
61.513 
61.565 
53.816 
60.048 
60.942 
61.417 
. 
10.904 
8.967 
1.579 
23.131 
5.008 
7.618 
6.243 
1.733 
55 1 
9 10 8 62.5 61.479 1.633 
55 1 
9 
9 
10 
12 
10 
1 
50 
50 
61.531 
54.213 
23.061 
8.426 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
55 1 9 12 2 65 60.187 7.405 
55 9 12 3 66.25 60.965 7.977 
55 9 12 4 65.63 61.229 6.706 
55 1 9 12 6 63.75 61.378 3.721 
55 1 9 12 8 62.5 61.437 1.7 
55 9 12 10 43.75 61.489 40.546 
55 1 9 15 2 51.25 58.732 14.599 
55 9 15 3 56.25 59.4 5.6 
55 1 9 15 4 62.5 59.646 4.567 
55 1 9 15 6 62.5 59.834 4.265 
55 1 9 15 8 62.5 59.952 4.076 
55 1 9 15 10 43.75 60.062 37.285 
55 3 1 1 1 9.68 13.927 43.873 
55 3 1 1 2 22.58 23.293 3.158 
55 3 1 1 3 35.48 34.619 2.426 
55 3 1 1 4 35.48 45.234 27.493 
55 3 1 1 8 61.29 58.816 4.037 
55 3 1 1 10 61.29 58.032 5.316 
55 3 1 2 1 22.58 19.296 14.546 
55 3 1 2 2 35.48 29.361 17.246 
55 3 1 2 3 35.48 40.973 15.481 
55 3 1 2 4 48.39 51.282 5.977 
55 3 1 2 6 48.39 61.884 27.887 
55 3 1 2 8 61.29 63.838 4.157 
55 3 1 2 10 61.29 63.304 3.286 
55 3 1 5 1 22.58 30.162 33.577 
55 3 1 5 3 74.19 52.841 28.776 
55 3 1 5 4 74.19 61.35 17.307 
55 3 1 5 6 61.29 68.577 11.89 
55 3 1 5 8 61.29 69.262 13.007 
55 3 1 5 10 74.19 68.297 7.943 
55 3 1 8 1 35.48 41.213 16.159 
55 3 1 8 2 48.39 53.104 9.741 
55 3 1 8 3 74.19 63.136 14.9 
55 3 1 8 4 74.19 69.606 6.178 
55 3 1 8 6 61.29 74.102 20.904 
55 3 1 8 10 74.19 72.517 2.255 
55 3 1 10 1 35.48 48.937 37.929 
55 3 1 10 2 61.29 60.621 1.092 
55 3 1 10 3 74.19 69.477 6.353 
55 3 1 10 4 74.19 74.669 0.645 
55 3 1 10 6 61.29 77.767 26.884 
55 3 1 10 8 74.19 77.099 3.922 
55 3 1 10 10 74.19 75.586 1.882 
55 3 1 12 1 61.29 56.682 7.519 
55 3 1 12 2 74.19 67.74 8.694 
55 3 1 12 4 87.1 79.372 8.873 
55 3 
55 3 
55 3 
55 3 
55 3 
55 3 
1 
1 
1 
1 
1 
1 
12 
12 
12 
15 
15 
15 
6 
8 
10 
1 
2 
3 
74.19 
74.19 
87.1 
61.29 
87.1 
87.1 
81.391 
80.435 
78.813 
67.803 
77.337 
83.031 
9.706 
8.417 
9.514 
10.627 
11.209 
4.672 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
55 3 1 15 4 87.1 85.742 1.559 
55 3 1 15 6 74.19 86.661 16.809 
55 3 1 15 8 87.1 85.494 1.843 
55 3 3 1 1 37.5 32.193 14.151 
55 3 3 1 2 37.5 43.729 16.612 
55 3 3 1 3 62.5 55.87 10.608 
55 3 3 1 4 62.5 65.642 5.027 
55 3 3 1 6 75 74.999 0.001 
55 3 3 1 8 75 76.865 2.487 
55 3 3 1 10 87.5 76.547 12.518 
55 3 3 2 1 37.5 37.635 0.36 
55 3 3 2 2 50 49.821 0.357 
55 3 3 2 3 62.5 62.028 0.755 
55 3 3 2 6 75 80.381 7.174 
55 3 3 2 8 87.5 82.55 5.657 
55 3 3 2 10 87.5 82.825 5.343 
55 3 3 5 1 50 46.42 7.16 
55 3 3 5 2 50 59.388 18.775 
55 3 3 5 3 75 70.604 5.862 
55 3 3 5 4 75 78.273 4.364 
55 3 3 5 6 87.5 85.098 2.745 
55 3 3 5 8 87.5 87.028 0.539 
55 3 3 5 10 90.63 87.667 3.269 
55 3 3 8 2 62.5 66.826 6.921 
55 3 3 8 3 75 76.389 1.852 
55 3 3 8 4 75 82.371 9.828 
55 3 3 8 6 87.5 87.638 0.158 
55 3 3 8 8 87.5 89.481 2.264 
55 3 3 8 10 93.75 90.455 3.515 
55 3 3 10 1 50 59.14 18.28 
55 3 3 10 2 62.5 71.047 13.675 
55 3 3 10 3 75 79.38 5.841 
55 3 3 10 4 87.5 84.396 3.547 
55 3 3 10 8 93.75 90.797 3.15 
55 3 3 10 10 93.75 92.009 1.857 
55 3 3 12 1 75 63.773 14.969 
55 3 3 12 2 75 74.625 0.499 
55 3 3 12 3 87.5 81.756 6.564 
55 3 3 12 4 87.5 85.96 1.76 
55 3 3 12 6 87.5 89.943 2.792 
55 3 3 12 8 93.75 91.89 1.984 
55 3 3 12 10 93.75 93.341 0.436 
55 3 3 15 1 75 69.837 883 6 
55 3 3 15 3 87.5 84.356 . 594 3 55 
55 
55 
3 
3 
3 
3 
3 
3 
15 
15 
15 
4 
6 
8 
87.5 
93.75 
93.75 
87.622 
91.069 
93 177 
. 
0.139 
2.859 
611 0 55 
55 
55 
55 
3 
3 
3 
3 
3 
5 
5 
15 
1 
1 
10 
1 
2 
93.75 
37.5 
37.5 
. 
94.977 
31.91 
45.153 
. 
1.309 
14.908 
20.408 
55 
55 
3 
3 
5 
5 
1 
1 
3 
4 
62.5 
62.5 
57.351 
66.245 
8.238 
5.991 
5 1 6 75 55.131 0.175 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cat %diff 
55 3 5 1 10 87.5 80.986 7.444 
55 3 5 2 1 37.5 38.065 1.506 
55 3 5 2 2 50 51.643 3.286 
55 3 5 2 3 62.5 63.61 1.776 
55 3 5 2 4 75 72.111 3.851 
55 3 5 2 6 75 80.782 7.71 
55 3 5 2 8 87.5 84.769 3.122 
55 3 5 2 10 87.5 87.652 0.173 
55 3 5 5 1 50 47.238 5.525 
55 3 5 5 2 50 60.461 20.922 
55 3 5 5 4 75 77.457 3.276 
55 3 5 5 6 87.5 84.405 3.537 
55 3 5 5 8 87.5 88.114 0.702 
55 3 5 5 10 90.63 91.119 0.54 
55 3 5 8 1 50 55.283 10.567 
55 3 5 8 2 62.5 67.183 7.492 
55 3 5 8 3 75 75.494 0.659 
55 3 5 8 4 75 80.729 7.639 
55 3 5 8 6 87.5 86.376 1.285 
55 3 5 8 8 87.5 89.833 2.666 
55 3 5 10 1 50 60.424 20.849 
55 3 5 10 2 62.5 71.113 13.781 
55 3 5 10 3 75 78.199 4.266 
55 3 5 10 4 87.5 82.622 5.574 
55 3 5 10 6 87.5 87.626 0.143 
55 3 5 10 8 93.75 90.956 2.981 
55 3 5 10 10 93.75 93.949 0.212 
55 3 5 12 1 75 65.229 13.029 
55 3 5 12 2 75 74.6 0.534 
55 3 5 12 3 87.5 80.588 7.9 
55 3 5 12 6 87.5 88.842 1.533 
55 3 5 12 8 93.75 92.065 1.798 
55 3 5 12 10 93.75 95.032 1.368 
55 3 5 15 1 75 71.635 4.487 
55 3 5 15 2 75 79.071 5.428 
55 3 5 15 3 87.5 83.699 4.344 
55 3 5 15 4 87.5 86.693 0.922 
55 3 5 15 6 93.75 90.618 3.341 
55 3 5 15 8 93.75 93.697 0.056 
55 3 5 15 10 93.75 96.601 3.041 
55 3 7 1 2 37.5 34.473 8.071 
55 3 7 1 3 43.75 42.262 3.401 
55 3 7 1 4 43.75 46.608 6.533 
55 3 7 1 6 43.75 48.598 11.082 
55 3 7 1 8 50 47.56 4.881 
55 3 7 1 10 50 46.299 7.403 
55 
55 
55 
55 
55 
55 
3 
3 
3 
3 
3 
7 
7 
7 
7 
7 
2 
2 
2 
2 
2 
1 
2 
3 
4 
8 
37.5 
37.5 
50 
56.25 
50 
32.731 
42.937 
50.268 
54.2 
55.188 
12.718 
14.499 
0.536 
3.645 
10.376 
55 
3 
3 
7 
7 
2 
5 
10 
1 
50 
50 
54.374 
46.206 
8.748 
7.588 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
55 3 7 5 2 50 54.975 9.95 
55 3 7 5 3 62.5 60.166 3.735 
55 3 7 5 4 62.5 62.324 0.282 
55 3 7 5 6 50 62.125 24.251 
55 3 7 5 8 50 60.366 20.731 
55 3 7 5 10 62.5 58.886 5.783 
55 3 7 8 1 50 57.466 14.931 
55 3 7 8 3 75 67.608 9.857 
55 3 7 8 4 87.5 68.4 21.829 
55 3 7 8 6 50 66.684 33.369 
55 3 7 8 8 62.5 63.987 2.379 
55 3 7 8 10 62.5 61.715 1.256 
55 3 7 10 1 50 64.242 28.484 
55 3 7 10 2 62.5 69.823 11.717 
55 3 7 10 3 87.5 72.064 17.642 
55 3 7 10 4 87.5 72.194 17.493 
55 3 7 10 6 62.5 69.751 11.601 
55 3 7 10 10 62.5 63.744 1.99 
55 3 7 12 1 75 70.325 6.233 
55 3 7 12 2 75 74.719 0.375 
55 3 7 12 3 87.5 76.135 12.988 
55 3 7 12 4 87.5 75.781 13.393 
55 3 7 12 6 62.5 72.818 16.509 
55 3 7 12 8 62.5 69.164 10.662 
55 3 7 12 10 75 65.899 12.135 
55 3 7 15 1 75 78.096 4.128 
55 3 7 15 2 75 81.007 8.01 
55 3 7 15 4 75 80.75 7.667 
55 3 7 15 6 78.13 77.354 0.993 
55 3 7 15 8 78.13 73.252 6.243 
55 3 7 15 10 76.25 69.366 9.028 
55 3 9 1 1 25 18.215 27.14 
55 3 9 1 2 25 29.147 16.588 
55 3 9 1 3 31.25 36.628 17.208 
55 3 9 1 4 37.5 40.825 8.868 
55 3 9 1 6 37.5 43.732 16.619 
55 3 9 1 8 43.75 43.971 0.504 
55 3 9 2 1 31.25 25.969 16.899 
55 3 9 2 2 37.5 36.661 2.237 
55 3 9 2 3 37.5 43.791 16.777 55 3 9 2 4 43.75 47.831 9 328 
55 3 9 2 6 43.75 51.007 . 587 16 55 3 9 2 8 43.75 51.884 . 18 591 55 3 9 2 10 50 52.22 . 4 44 55 
55 
55 
55 
55 
3 
3 
3 
3 
3 
9 
9 
9 
9 
5 
5 
5 
5 
1 
2 
3 
6 
37.5 
43.75 
43.75 
50 
34.075 
42.9 
48.234 
53.387 
. 
9.134 
1.942 
10.248 
6.775 
55 
55 
3 
3 
9 
9 
5 
5 
8 
10 
50 
56.25 
54.124 
54.509 
8.248 
3.096 
55 3 
9 8 1 37.5 39.553 5.475 
55 3 
9 8 2 50 46.366 7.267 
9 8 3 50 50.182 0.363 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
55 3 9 8 4 56.25 52.168 7.258 
55 3 9 8 6 56.25 53.744 4.456 
55 3 9 8 8 62.5 54.293 13.132 
55 3 9 8 10 62.5 54.609 12.626 
55 3 9 10 2 62.5 48.132 22.988 
55 3 9 10 3 62.5 51.14 18.176 
55 3 9 10 4 62.5 52.683 15.707 
55 3 9 10 6 62.5 53.92 13.727 
55 3 9 10 8 62.5 54.377 12.997 
55 3 9 10 10 62.5 54.656 12.551 
55 3 9 12 1 43.75 45.049 2.969 
55 3 9 12 2 56.25 49.538 11.932 
55 3 9 12 3 56.25 51.89 7.751 
55 3 9 12 4 56.25 53.087 5.623 
55 3 9 12 8 62.5 54.445 12.888 
55 3 9 12 10 62.5 54.693 12.492 
55 3 9 15 1 37.5 47.944 27.85 
55 3 9 15 2 43.75 51.107 16.815 
55 3 9 15 3 50 52.716 5.433 
55 3 9 15 4 50 53.534 7.068 
55 3 9 15 6 50 54.224 8.447 
55 3 9 15 8 50 54.522 9.045 
55 3 9 15 10 56.25 54.731 2.7 
70 1 1 1 1 37.5 39.671 5.79 
70 1 1 1 3 43.75 43.65 0.229 
70 1 1 1 4 43.75 46.303 5.836 
70 1 1 1 6 50 50.327 0.655 
70 1 1 1 8 50 51.031 062 2 
70 1 1 1 10 53.13 51.052 . 3.911 
70 1 1 2 1 43.75 45.309 3.564 
70 1 1 2 2 43.75 46.526 6.346 
70 1 1 2 3 52.5 49.543 5.632 
70 1 1 2 4 53.13 52.149 846 1 
70 1 1 2 6 56.25 56.12 . 0 23 
70 1 1 2 10 56.25 57.208 . 703 1 
70 
70 
70 
1 
1 
1 
1 
1 
1 
5 
5 
5 
1 
2 
3 
50 
50 
53.13 
50.662 
52.055 
54.958 
. 
1.324 
4.109 
3 44 70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
1 
5 
5 
5 
5 
4 
6 
8 
10 
55 
60 
62.5 
62.5 
57.028 
60.041 
60.508 
60.332 
. 
3.687 
0.068 
3.187 
3.469 
70 1 
1 8 1 56.25 53.627 4.662 
70 1 
1 8 2 60 55.315 7.808 
70 
70 
1 
1 
1 
1 
8 
8 
4 
6 
62.5 
65.63 
59.709 
61.875 
4.465 
5.721 
70 1 
1 8 8 65.63 61.96 5.592 
70 1 
1 8 10 68.75 61.366 10.741 
70 1 
1 10 1 53.13 53.814 1.287 
70 1 
1 10 2 55 55.78 1.417 
70 1 
1 10 3 56.25 58.558 4.104 
70 1 
1 10 4 56.25 59.894 6.478 
1 10 6 60 61.625 2.708 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 1 10 8 62.5 61.53 1.551 
70 1 1 12 1 53.13 52.332 1.502 
70 1 1 12 2 55 54.593 0.74 
70 1 1 12 3 55 57.342 4.257 
70 1 1 12 4 55 58.458 6.287 
70 1 12 6 56.25 59.814 6.336 
70 1 1 12 8 60 59.567 0.722 
70 1 1 12 10 60 58.519 2.468 
70 1 1 15 1 50 48.516 2.967 
70 1 15 2 53.13 51.106 3.809 70 1 15 3 53.13 53.681 1.037 
70 1 1 15 6 55 55.089 0.162 
70 1 15 8 56.25 54.434 3.228 
70 1 15 10 56.25 52.838 6.066 
70 1 3 1 1 42.86 46.211 7.819 
70 1 3 1 2 42.86 49.852 16.315 
70 1 3 1 3 50 54.213 8.427 70 1 3 1 4 50 57.006 012 14 
70 1 3 1 6 57.14 61.258 . 7.207 
70 1 3 1 8 57.14 62.931 10.135 70 1 3 1 10 57.14 63.057 10.355 70 1 3 2 2 50 54.931 9.861 70 
70 
70 
1 
1 
1 
3 
3 
3 
2 
2 
2 
3 
4 
6 
57.14 
57.14 
64.29 
59.393 
62.223 
66.661 
3.942 
8.895 
3 689 
70 
70 
70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
5 
5 
5 
5 
5 
5 
8 
10 
1 
2 
3 
4 
8 
10 
64.29 
71.43 
57.14 
57.14 
57.14 
64.29 
71.43 
71.43 
68.7 
69.186 
52.902 
57.024 
61.311 
63.815 
70.034 
70.522 
. 
6.86 
3.142 
7.417 
0.203 
7.299 
0.739 
1.954 
1 271 70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
8 
8 
8 
8 
8 
1 
2 
3 
4 
6 
57.14 
57.14 
64.29 
64.29 
71.43 
53.652 
57.97 
62.013 
64.204 
67.94 
. 
6.104 
1.453 
3.542 
0.133 
4.887 
70 1 
3 8 8 71.43 70.161 1.776 
70 
70 
1 
1 
3 
3 
8 
10 
10 
1 
75 
50 
70.622 
53.724 
5.837 
7.448 
70 
70 
1 
1 
3 
3 
10 
10 
3 
4 
64.29 
71.43 
62.03 
64.046 
3.515 
10.338 
70 
3 10 6 71.43 67.602 5.359 
70 1 
3 10 8 71.43 69.916 2.119 
70 1 
3 10 10 75 70.39 6.146 
70 1 
3 12 1 50 53.162 6.325 
70 1 
3 12 2 50 57.708 15.416 
70 1 
3 12 3 57.14 61.42 7.491 
70 
3 12 4 64.29 63.298 1.543 
70 1 
3 12 6 65.71 66.735 1.56 
70 1 
3 12 10 71.43 69.72 2.395 3 15 1 42.86 50.244 17.229 
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Training Outcome (NN)- Water Efficiency 
FJ x1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 1 3 15 2 50 54.961 9.922 
70 1 3 15 3 57.14 58.482 2.348 
70 1 3 15 4 62.86 60.244 4.161 
70 1 3 15 6 64.29 63.656 0.987 
70 1 3 15 8 65.71 66.455 1.133 
70 3 15 10 71.43 67.191 5.935 
70 1 5 1 1 53.33 50.926 4.508 
70 1 5 1 2 53.33 54.976 3.086 
70 1 5 1 4 60 59.994 0.009 
70 1 5 1 6 66.67 62.759 5.866 
70 1 5 1 8 66.67 64.305 3.547 
70 1 5 1 10 66.67 64.02 3.974 
70 1 5 2 1 60 56.101 6.498 
70 1 5 2 2 60 60.358 0.596 
70 1 5 2 3 62.67 63.868 1.912 
70 1 5 2 4 62.67 65.547 4.591 
70 1 5 2 6 66.67 68.599 2.894 
70 1 5 2 8 68 70.591 3.811 
70 5 5 1 63.33 57.421 9.331 
70 1 5 5 2 63.33 61.766 2.469 
70 1 5 5 3 63.33 64.995 2.63 
70 1 5 5 4 66.67 66.463 0.31 
70 1 5 5 6 68 69.317 1.937 
70 1 5 5 8 70 71.499 2.142 
70 5 5 10 70 71.718 2.454 
70 5 8 1 66.67 57.905 13.147 
70 1 5 8 2 66.67 62.235 653 6 
70 1 5 8 3 70 65.144 . 937 6 70 1 5 8 6 73.33 69.027 . 5.868 
70 1 5 8 8 73.33 71.343 2.71 
70 1 5 8 10 73.33 71.569 2.402 
70 1 5 10 1 63.33 58.171 8.147 
70 1 5 10 2 66.67 62.449 6.331 
70 1 5 10 3 68 65.148 194 4 
70 1 5 10 4 70 66.289 . 301 5 
70 
70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
5 
5 
5 
5 
5 
5 
10 
10 
10 
12 
12 
12 
6 
8 
10 
2 
3 
4 
70 
72 
72 
60 
63.33 
66.67 
68.774 
71.185 
71.42 
62.541 
65.038 
66.076 
. 
1.752 
1.132 
0.806 
4.235 
2.696 
0.891 
70 1 
5 12 6 66.67 68.438 2.653 
70 
70 
70 
1 
1 
1 
5 
5 
5 
12 
12 
15 
8 
10 
1 
68 
70 
57.33 
70.953 
71.204 
58.231 
4.342 
1.72 
1.572 
70 1 
5 15 2 60 62.269 3.782 
70 
70 
1 
1 
5 
5 
15 
15 
3 
4 
60 
63.33 
64.493 
65.414 
7.488 
3.291 
70 1 
5 15 8 66.67 70.334 5.495 
70 1 
5 15 10 66.67 70.635 5.948 
70 1 
7 1 1 50 45.985 8.031 
70 1 
7 
7 
1 
1 
2 
3 
50 
53.13 
50.189 
52.775 
0.378 
0.669 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
70 1 7 1 4 53.13 53.812 1.284 
70 1 7 1 6 56.25 56.098 0.271 
70 1 7 1 8 59.38 58.266 1.876 
70 1 7 1 10 59.38 58.213 1.966 
70 1 7 2 1 53.13 51.634 2.816 
70 1 7 2 3 56.25 58.675 4.311 
70 1 7 2 4 59.38 59.867 0.819 
70 1 7 2 6 59.38 62.524 5.294 
70 1 7 2 8 59.38 65.207 9.813 
70 1 7 2 10 62.5 65.656 5.049 
70 1 7 5 1 56.25 52.489 6.687 
70 1 7 5 2 59.38 56.716 4.486 
70 1 7 5 3 59.38 59.142 0.4 
70 1 7 5 4 59.38 60.234 1.438 
70 1 7 5 6 62.5 62.798 0.477 
70 1 7 5 10 62.5 66.284 6.054 
70 1 7 8 1 59.38 52.388 11.774 
70 1 7 8 2 59.38 56.397 5.024 
70 1 7 8 3 62.5 58.556 6.31 
70 1 7 8 4 62.5 59.539 4.738 
70 1 7 8 6 62.5 61.958 0.867 
70 1 7 8 8 65.63 65.046 0.89 
70 1 7 8 10 65.63 65.648 0.027 
70 1 7 10 1 53.13 52.28 1.6 
70 1 7 10 2 56.25 56.118 0.235 
70 1 7 10 4 59.38 59.035 0.581 
70 1 7 10 6 59.38 61.367 3.347 
70 1 7 10 8 62.5 64.565 3 303 
70 1 7 10 10 62.5 65.194 . 4 31 
70 1 7 12 1 53.13 52.129 . 1.883 
70 1 7 12 2 56.25 55.782 0.832 
70 1 7 12 3 56.25 57.627 2.448 
70 1 7 12 4 57.5 58.497 1.734 
70 1 7 12 6 59.38 60.749 306 2 
70 1 7 12 8 59.38 64.056 . 874 7 
70 
70 
70 
70 
1 
1 
1 
7 
7 
7 
7 
15 
15 
15 
15 
1 
2 
3 
4 
51.25 
53.13 
53.13 
56.25 
51.794 
55.155 
56.799 
57.607 
. 
1.062 
3.811 
6.905 
2 413 
70 1 7 15 6 56.25 59.754 . 6 23 70 
70 
70 
70 
1 
1 
1 
1 
7 
7 
9 
15 
15 
1 
8 
10 
1 
57.5 
59.38 
25 
63.224 
63.927 
26.42 
. 
9.955 
7.657 
5.682 
70 1 
9 1 2 31.25 30.347 2.889 
70 1 
9 1 3 37.5 32.43 13.519 
70 1 
9 1 6 40.63 35.99 11.42 
70 
70 
1 
1 
9 
9 
1 
1 
8 
10 
40.63 
40.63 
39.347 
40.091 
3.157 
1.328 
70 1 
9 2 1 25 32.489 29.957 
70 
9 2 2 34.38 36.536 6.27 
70 
9 2 3 37.5 38.764 3.37 
70 1 
9 
9 
2 
2 
4 
6 
40.63 
40.63 
39.99 
42.968 
1.576 
5.753 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp effl, cal %diff 
70 1 9 2 8 43.75 46.898 7.196 
70 9 2 10 43.75 48.211 10.197 70 1 9 5 2 37.5 36.281 3.251 70 1 9 5 3 40 38.321 4.197 70 1 9 5 4 40 39.504 1.239 
70 1 9 5 6 40.63 42.429 4.427 
70 1 9 5 8 46.88 46.593 0.613 70 9 5 10 46.88 48.033 2.46 
70 9 8 1 34.38 31.517 8.327 70 1 9 8 2 37.5 34.96 6.774 70 1 9 8 3 46.88 36.796 21.511 
70 1 9 8 4 46.88 37.906 19.142 
70 1 9 8 8 50 44.992 015 10 
70 1 9 8 10 50 46.46 . 7.079 
70 1 9 10 1 32.5 30.873 5.007 
70 1 9 10 2 34.38 34.091 0.842 
70 1 9 10 3 40.63 35.8 11.888 70 1 9 10 4 40.63 36.863 9.272 70 
70 
1 
1 
9 
9 
10 
10 
6 
8 
40.63 
43.75 
39.559 
43.932 
2.635 
0.415 70 1 9 10 10 43.75 45.41 3.794 70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
1 
1 
1 
1 
12 
12 
12 
12 
12 
12 
15 
15 
15 
15 
15 
15 
1 
1 
1 
1 
1 
3 
4 
6 
8 
10 
1 
2 
3 
4 
6 
10 
1 
2 
3 
4 
31.25 
34.38 
33.13 
37.5 
40.63 
40.63 
28.13 
28.13 
31.25 
31.25 
34.38 
40.63 
61.29 
61.29 
64.52 
64.52 
30.256 
34.837 
35.852 
38.451 
42.887 
44.368 
29.413 
32.069 
33.484 
34.425 
36.864 
42.841 
60.844 
61.905 
64.731 
66.172 
3.18 
1.328 
8.217 
2.535 
5.555 
9.201 
4.561 
14.002 
7.148 
10.159 
7.226 
5.443 
0.727 
1.004 
0.326 
2.561 
70 3 
1 1 6 67.74 66.083 2.446 
70 3 
1 1 8 67.74 65.952 2.64 
70 3 
1 1 10 70.97 65.813 7.266 
70 
70 
7- 
3 
1 
-1 
2 
2 
1 
2 
61.29 
62.58 
63.166 
64.239 
3.061 
2.652 
70 3 
1 2 4 66.45 68.637 3.291 
70 3 
1 2 6 69.03 68.717 0.454 
70 3 
1 2 8 69.03 68.77 0.377 
70 3 
1 2 10 70.97 68.828 3.018 
70 3 
1 5 1 64.52 63.838 1.057 
70 3 
1 5 2 64.52 64.754 0.363 
70 3 
1 5 3 66.45 67.421 1.462 
70 3 
1 5 4 66.45 69.108 4 
70 3 
1 5 6 70.97 69.221 2.465 
7 0 3 
1 5 8 70.97 69.316 2.331 1 8 1 64.52 64.13 0.605 5 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
70 3 1 8 2 67.74 64.903 4.188 
70 3 1 8 3 67.74 67.394 0.511 
70 3 1 8 4 67.74 69.204 2.162 
70 3 1 8 6 70.97 69.327 2.316 
70 3 1 8 8 74.19 69.439 6.404 
70 3 1 8 10 74.19 69.564 6.235 
70 3 1 10 1 63.87 64.312 0.691 
70 3 1 10 2 64.52 65.003 0.748 
70 3 1 10 3 66.45 67.381 1.401 
70 3 1 10 6 67.74 69.408 2.463 
70 3 1 10 8 67.74 69.534 2.648 
70 3 1 10 10 70.97 69.674 1.826 
70 3 1 12 1 62.58 59.985 4.146 
70 3 1 12 2 64.52 60.641 6.013 
70 3 1 12 3 64.52 62.946 2.439 
70 3 1 12 4 64.52 64.968 0.695 
70 3 1 12 6 66.45 65.185 1.904 
70 3 1 12 8 66.45 65.402 1.578 
70 3 1 12 10 67.74 65.637 3.105 
70 3 1 15 2 62.58 58.76 6.104 
70 3 1 15 3 64.52 60.87 5.657 
70 3 1 15 4 64.52 62.992 2.368 
70 3 1 15 6 64.52 63.152 2.12 
70 3 1 15 8 65.16 63.318 2.827 
70 3 1 15 10 66.45 63.504 4.433 
70 3 3 1 1 65.63 62.962 4.065 
70 3 3 1 2 65.63 63.672 2.984 
70 3 3 1 3 68.75 66.088 3 871 70 3 3 1 4 68.75 68.025 . 1.054 
70 3 3 1 8 71.88 68.518 4 677 
70 3 3 1 10 72.5 68.816 . 5.081 
70 3 3 2 1 66.25 65.646 0.912 
70 3 3 2 2 63.75 66.411 4 174 
70 
70 
3 
3 
3 
3 
2 
2 
3 
4 
65.63 
67.5 
68.867 
70.947 
. 
4.933 
5 106 
70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
5 
5 
6 
8 
10 
1 
3 
70 
70 
71.88 
67.5 
67.5 
71.396 
71.881 
72.425 
66.625 
69.668 
. 
1.994 
2.687 
0.758 
1.296 
3.212 
70 3 
3 5 4 67.5 71.923 6.553 
70 3 
3 5 6 71.88 72.476 0.829 
70 3 
3 5 8 71.88 73.077 1.666 
70 3 
3 5 10 72.5 73.749 1.722 
70 
70 
3 
3 
3 
3 
8 
8 
1 
2 
68.75 
68.75 
67.261 
67.918 
2.166 
1.21 
70 3 
3 8 3 68.75 70.129 2.006 
70 3 
3 8 4 68.75 72.553 5.531 
70 3 
3 8 6 71.88 73.189 1.822 
70 3 
3 8 10 75 74.661 0.452 
70 3 
3 10 1 65.63 67.721 3.186 
70 3 
3 10 2 65.63 68.356 4.154 
3 10 3 67.5 70.491 4.431 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
70 3 3 10 4 67.5 73.03 8.192 
70 3 3 10 6 68.75 73.729 7.242 
70 3 3 10 8 68.75 74.495 8.357 
70 3 3 10 10 71.88 75.345 4.821 
70 3 3 12 1 65 63.939 1.633 
70 3 3 12 2 65.63 64.598 1.572 
70 3 3 12 4 65.63 69.396 5.738 
70 3 3 12. 6 67.5 70.241 4.061 
70 3 3 12 8 67.5 71.162 5.425 
70 3 3 12 10 68.75 72.172 4.978 
70 3 3 15 1 65 62.532 3.797 
70 3 3 15 2 63.75 63.146 0.947 
70 3 3 15 3 65.63 65.113 0.788 
70 3 3 15 4 65.63 67.948 3.531 
70 3 3 15 6 65.63 68.824 4.867 
70 3 3 15 8 66.25 69.785 5.336 
70 3 5 1 1 77.5 73.44 5.239 
70 3 5 1 2 78.13 74.481 4.671 
70 3 5 1 3 78.13 77.036 1.4 
70 3 5 1 4 81.25 79.993 1.547 
70 3 5 1 6 87.5 81.537 6.815 
70 3 5 1 8 87.5 83.134 4.99 
70 3 5 1 10 87.5 84.779 3.109 
70 3 5 2 1 78.13 76.899 1.576 
70 3 5 2 2 81.25 78.037 3.954 
70 3 5 2 3 81.25 80.662 0.723 
70 3 5 2 6 84.38 85.585 1.428 
70 3 5 2 8 87.5 87.447 0 06 
70 3 5 2 10 90 89.368 . 0.702 
70 3 5 5 1 81.25 79.337 355 2 
70 3 5 5 2 81.25 80.498 . 0.925 
70 3 5 5 3 84.38 83.053 1.572 
70 3 5 5 4 84.38 86.38 2.37 
70 3 5 5 6 87.5 88.32 0.938 
70 3 5 5 8 87.5 90.31 3.212 
70 
70 
70 
70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 
8 
8 
8 
8 
8 
8 
10 
10 
2 
3 
4 
6 
8 
10 
1 
90.63 
87.5 
90.63 
94.38 
94.38 
93.75 
93.75 
84.38 
92.341 
82.629 
85.096 
88.597 
90.621 
92.675 
94.746 
82.934 
1.888 
5.567 
6.107 
6.128 
3.982 
1.146 
1.062 
1.714 
70 
70 
70 
70 
3 
3 
3 
3 
5 
5 
5 
5 
10 
10 
10 
10 
2 
3 
4 
8 
87.5 
87.5 
90 
92.5 
84.112 
86.518 
90.126 
94.272 
3.872 
1.122 
0.14 
1.915 
70 3 
5 10 10 93.75 96.351 2.775 
70 3 
5 12 1 84.38 80.409 4.706 
70 3 
5 12 2 84.38 81.631 3.257 
70 3 
5 12 3 83.75 84.014 0.316 
70 3 
5 12 4 87.5 87.762 0.299 
5 12 6 87.5 89.937 2.785 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 effl, exp eff1, cal %diff 
70 3 5 12 8 90.63 92.111 1.634 
70 3 5 12 10 90.63 94.269 4.015 
70 3 5 15 1 81.25 80.292 1.18 
70 3 5 15 3 82.5 83.714 1.472 
70 3 5 15 4 83.75 87.551 4.539 
70 3 5 15 6 84.38 89.659 6.256 
70 3 5 15 8 87.5 91.741 4.847 
70 3 5 15 10 90 93.78 4.2 
70 3 7 1 1 43.75 49.325 12.742 
70 3 7 1 2 50 49.552 0.896 
70 3 7 1 3 50 51.098 2.197 
70 3 7 1 4 53.13 53.909 1.466 
70 3 7 1 6 53.13 54.526 2.627 
70 3 7 1 10 56.25 56.041 0.371 
70 3 7 2 1 46.88 53.502 14.125 
70 3 7 2 2 50 53.739 7.477 
70 3 7 2 3 52.5 55.275 5.285 
70 3 7 2 4 53.13 58.17 9.486 
70 3 7 2 6 55 58.912 7.112 
70 3 7 2 8 55 59.815 8.755 
70 3 7 2 10 56.25 60.795 8.08 
70 3 7 5 1 56.25 57.039 1.402 
70 3 7 5 2 59.38 56.971 4.057 
70 3 7 5 4 62.5 60.928 2.515 
70 3 7 5 6 65.63 61.31 6.582 
70 3 7 5 8 65.63 61.942 5.619 
70 3 7 5 10 68.75 62.718 8.774 
70 3 7 8 1 62.5 60.257 3.589 
70 3 7 8 2 62.5 59.833 4.267 
70 3 7 8 3 65.63 60.573 7.705 
70 3 7 8 4 71.88 63.201 12.074 
70 3 7 8 6 71.88 63.117 12.191 
70 3 7 8 8 68.75 63.385 7.804 
70 3 7 10 1 62.5 62.535 0.056 
70 3 7 10 2 62.5 61.858 1.027 
70 3 7 10 3 62.5 62.3 0 32 
70 
70 
70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
3 
3 
7 
7 
7 
7 
7 
7 
7 
10 
10 
10 
10 
12 
12 
12 
4 
6 
8 
10 
1 
2 
3 
62.5 
65.63 
65.63 
68.75 
59.38 
59.38 
61.25 
64.792 
64.357 
64.349 
64.631 
61.133 
60.237 
60.412 
. 
3.667 
1.94 
1.952 
5.991 
2.951 
1.444 
1.367 
70 
70 
70 
70 
3 
3 
3 
3 
7 
7 
7 
7 
12 
12 
12 
15 
6 
8 
10 
1 
62.5 
65.63 
65.63 
56.25 
62.056 
61.828 
61.962 
62.281 
0.711 
5.793 
5.59 
10.722 
70 3 
7 15 2 56.25 60.955 8.364 
70 3 
7 15 3 59.38 60.617 2.084 
70 
70 
3 
3 
7 
7 
15 
15 
4 
6 
59.38 
59.38 
62.693 
61.236 
5.58 
3.126 
70 3 
7 15 8 62.5 60.408 3.347 
7 15 10 62.5 60.057 3.909 
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Training Outcome (NN)- Water Efficiency 
X1 x2 x3 x4 x5 eff1, exp eff1, cal %diff 
70 3 9 1 2 43.75 46.435 6.136 
70 3 9 1 3 46.88 47.815 1.995 
70 3 9 1 4 46.88 51.066 8.929 
70 3 9 1 6 50 51.7 3.4 
70 3 9 1 8 51.25 52.284 2.017 
70 3 9 1 10 51.25 52.816 3.056 
70 3 9 2 1 46.88 49.714 6.046 
70 3 9 2 2 50 50.251 0.502- 
70 3 9 2 3 50 51.698 3.396 
70 3 9 2 4 53.13 55.091 3.69 
70 3 9 2 8 56.25 56.806 0.988 
70 3 9 2 10 56.25 57.626 2.446 
70 3 9 5 1 46.88 50.742 8.238 
70 3 9 5 2 50 51.192 2.384 
70 3 9 5 3 53.13 52.473 1.236 
70 3 9 5 4 53.13 55.907 5.227 
70 3 9 5 6 56.25 56.684 0.772 
70 3 9 5 8 60 57.462 4.229 
70 3 9 5 10 60 58.238 2.937 
70 3 9 8 1 53.13 51.464 3.136 
70 3 9 8 3 53.13 52.883 0.465 
70 3 9 8 4 55 56.314 2.39 
70 3 9 8 6 60 56.926 5.124 
70 3 9 8 8 61.25 57.562 6.022 
70 3 9 8 10 62.5 58.217 6.853 
70 3 9 10 1 53.75 52.138 2.998 
70 3 9 10 2 53.13 52.382 1.407 
70 3 9 10 3 53.13 53.335 0.387 
70 3 9 10 4 62.5 56.752 9.197 
70 3 9 10 6 62.5 57.234 8.426 
70 3 9 10 10 62.5 58.314 6.697 
70 3 9 12 1 50 49.443 1.114 
70 3 9 12 2 50 49.635 0.731 
70 3 9 12 3 50 50.491 0.982 
70 3 9 12 4 52.5 53.924 2.712 
70 
70 
70 
70 
3 
3 
3 
3 
9 
9 
9 
9 
12 
12 
12 
15 
6 
8 
10 
1 
53.13 
53.13 
56.25 
50 
54.345 
54.825 
55.355 
48.175 
2.287 
3.19 
1.591 
3 651 70 
70 
70 
70 
70 
70 
3 
3 
3 
3 
3 
3 
9 
9 
9 
9 
9 
15 
15 
15 
15 
15 
2 
3 
4 
6 
8 
46.88 
46.88 
50 
50 
52.5 
48.171 
48.77 
52.1 
52.188 
52.36 
. 
2.754 
4.031 
4.201 
4.377 
0.267 
9 15 10 53.13 52.606 0.987 
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Appendix D 
Cause and Effect 
Desalting/Dehydration Plant 
No. UpsetlEffect Possible Cause 
High Wash Water. 
II High water level in vessel Interface Valve closed. 
A build up of emulsion layer. 
2 i l fl t El ti 
Wmcr level hi ih in vessel. ca ectr uc ua ng Entrance bushing is danma *ed. 
Temperature of treated crude is high. 
3 Amps too high Back pressure is too low (at the end of 
DDP). 
4 Emulsion 
layer inside vessel is High Chemical dosage. 
noticed High wash water ratio. 
5 High Differential pressure drop 
across the mixing valve 
High back pressure at the end of DDP. 
Mixing rate is too high. 
6 Tight emulsion produced with Wash Water is too 
high. 
treated crude. Temperature low. 
Chemical injection too low. 
7 High conductivity in treated crude. High Water Cut in formation water. 
x Vaporization of crude oil inside Ili igh temperature 
vessel Low back pressure on system. 
9 High Water Cut in treated crude. High water level inside vessel. 
10 High Salt Result in feed flow rate Low wash water. 
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Oil produced in most oil fields is accompanied by water in the form of an 
emulsion that must be treated. In addition, this water normally contains 
dissolved salts, principally chlorides of sodium, calcium, and magnesium. If 
crude oil is left untreated, when it is processed in a refinery the salt can cause 
various operating problems. This paper investigates experimentally the effect 
of five factors (gravity settling, chemical treatment, freshwater injection, 
heating, and mixing) on the efficiency of the dehydration/desalting process 
for a Kuwaiti crude oil and a commercial demulsifier (Servo CC 3408). These 
factors are systematically varied and efficiency is analyzed. Two efficiencies 
are defined: a Salt Removal (S/R) efficiency and a Water Cut (W/C) dehy- 
dration efficiency. The investigation was carried out through changes made to 
a single factor at a time as well as multiple variations of factors. Plots, based 
on experimental data, showing the variation of the two efficiencies as a 
function of the various factors are given. Two main conclusions are drawn for 
the system studied. First, excessive amounts of a demulsifying agent had 
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adverse effects on the desalting/dehydration process. Secondly, the most 
important factor that improved both efficiencies (S/R and W/C) was found to 
be the settling time. Efficiencies up to 75% were obtained at settling times of 
5 min. This factor was simulated in the experimental runs through the use of a 
centrifuge. The implication of this finding is that future desalting/dehydration 
systems for the oil and demulsifier studied should be based on centrifugal 
techniques. 
Keywords: Crude oil emulsions; Dehydration/desalting; Crude oil treatment; 
Salt removal efficiency; Water cut efficiency 
INTRODUCTION 
As most oil fields are growing older, resulting in wet crude oil production, 
it is necessary to provide desalting/dehydration systems to separate 
the oil and water before the oil can be further processed. Oil de- 
salting/dehydration is the process of removing water-soluble salts from an 
oil stream. With the increasing regulations on effluent water and the ever- 
increasing cost of producing a barrel of oil, the use of emulsion-treatment 
plants has become an important practice in crude oil processing. Treat- 
ment of emulsions has always ranged from simple methods such as 
gravity settlement to highly sophisticated methods such as tri-volted 
desalting and dehydration systems. The development of desalting systems 
has always been evaluated in terms of quantities of salt and water being 
removed. In a desalting unit, when crude oil is heated as part of various 
desalting/dehydration or refining processes, the water may be driven off 
as steam. The salts in the water, however, do not leave with the steam. 
They crystallize and may either remain suspended in oil or form scale 
within heat-exchange equipment. Entrained salt crystals may deactivate 
catalyst beds and plug processing equipment. Because of these potential 
problems, refineries usually reduce crude oil salt content to very low 
levels prior to processing. To reduce the amount of desalting required at 
the refinery, some oil purchasing contracts specify a maximum salt con- 
tent as well as a maximum water content. A typical salt specification 
would be 10 Pounds per Thousand Barrels (10.0 PTB). To satisfy such 
purchase specifications, producers may be required to perform some oil 
desalting. 
Among the many reasons desalting/dehydration units are installed is 
to avoid transporting high viscosity liquids, "water-in-oil" emulsions, 
which require more pumping energy. Furthermore, salts and water are 
removed in day-to-day operation for three reasons: corrosion, scale 
accumulation, and lowering of activity of catalysts. 
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Nature of Petroleum Emulsions 
For an oil field, the two basic types of emulsions encountered are water- 
in-oil and oil-in-water. More than 95% of crude oil emulsions formed in 
the oil field are of the water-in-oil type, water being the dispersed phase, 
and oil being the continuous phase. Purchased oil must contain less than 
2% water. Further reference to "emulsion" in this work implies water- 
in-oil type emulsions. 
Water-in-oil emulsions contain complex mixtures of organic and 
inorganic materials. The compounds that are found along with water and 
oil are called emulsifying agents. Those agents are surface-active mate- 
rials that tend to stabilize emulsions. These include asphaltenes, resins, 
phenols, organic acids, metallic salts, silt, clays, wax, and many others. 
Emulsions may be stabilized by the presence of a protective film 
around water droplets. Those protective films, created by emulsifying 
agents, act as a structural barrier to coalescence of water droplets. To 
break or rupture the film that surrounds a water drop, it is necessary to 
introduce chemical action and, in many desalting plants, apply heat. The 
chemical used to break the film is widely known as a demulsifier. 
Literature Survey 
Schramm (1992) discussed the basic principles of petroleum emulsions. 
The author noted that the factors that affect emulsion stability are: 
viscosity, density differential, water percentage, age of emulsion, control 
of emulsifying agents, and the agitation control. The author also noted 
that the success of chemical treatment methods is dependent upon the 
amount of the chemical, heating, and sufficient residence time for settling. 
In addition, Schramm described sampling and testing techniques that 
assist in characterizing a process stream's composition and thus in eval- 
uating the effectiveness of a particular separation process. Bartley (1982) 
described how heavy crudes present unique problems that require 
additional design considerations. Chawla (1987) discussed the problem 
of wet crude in Kuwait and the need for desalting plants. al-Kandari 
(1997) reported that there are several problems generated from producing 
wet crude oil streams: corrosion, lowering the activities of catalysts, and 
scale development. 
There are many recent studies that seek to develop a comprehensive 
general framework for removing water from crude oil that requires 
additional processing beyond gravitational separation. For the best 
desalting operating conditions, Axsia (2000) suggested that there are a 
number of important design features to be considered. Recent advances 
in the development of efficient desalting/dehydration processes have 
made it possible to reach an optimum set of factors. One method is the 
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one-stage system where the desalting process is performed in disc-stack 
centrifuges that replace high-volume gravity desalters, (Alfa Laval, 2000). 
The benefits gained are to be found in the process simplification of 
turning the two-stage process into a single-stage process, resulting in less 
brackish/freshwater consumption. On the other hand, AGAR (2000) 
developed a system of a minimum of two or a maximum of four energy 
absorption instruments: three located in the desalting vessel designated 
for service and one installed in the feed line. Anon (1983) noted that a 
static mixer could improve desalting efficiency. Burris (1978) designed a 
technique of using fresh dilution water to remove salt from crude oil. 
Baranov et al. (1986) recommended hydrocyclone vessels for use in 
preliminary or complete separation of inhomogeneous systems of the 
liquid-liquid type, such as water-oil emulsions. Taylor (1996) focused 
on the electrically enhanced phase separation of water-in-oil emulsions. 
He used AC, DC, pulsed DC, and combinations of these in the separation 
of water-oil emulsions. 
FACTORS AFFECTING DESALTING/DEHYDRATION 
PERFORMANCE 
Most activities in oil production result in a well stream comprising a 
blend of gas, entrained water, oil, unwanted sediment, and dissolved 
salts. The objective of oil desalting is to remove water-soluble salts and 
the entrained water, which normally contains dissolved salts. Formation 
water flows with crude in two types: free and emulsified. The free water is 
not intimately mixed in the crude and is found in larger drops scattered 
throughout the oil phase. This kind of water is easy to remove by gravity 
oil-water separators, surge tanks (wet tanks), and desalting vessels. On 
the other hand, emulsified waters are intimately mixed and found scat- 
tered in tiny drops in the oil phase. This kind is hard to remove by simple 
settling devices, so further treatment such as chemical injection, fresh- 
water dilution, mixing, heating, and electricity are required. The addition 
of diluent water, heating, and applying electricity can enhance gravity 
separation. 
The main objective of a desalting plant is to break the films sur- 
rounding the small water droplets, coalescing droplets to form larger 
drops, and allowing water drops to settle out during or after coalescing. 
The most important variables affecting desalting performance that have 
been identified and studied include (1) settling time, (2) chemi- 
cal/demulsifier injection, (3) heat, (4) adding freshwater, (5) mixing 
(emulsion, chemical, and the freshwater), and (6) electricity. The last 
variable (electricity) will not be studied under the scope of this work and 
will be the subject of future research. A discussion of the five factors that 
will be investigated in this paper is given below: 
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1) Settling time: Most desalting/dehydration equipment relies on gravity 
to separate water droplets from the continuous oil phase. Gravity 
difference is the active element in this process; the produced/forma- 
tion water droplets are heavier than the volume of oil they displace. 
The produced water usually carries some salts and solids coated 
predominantly with a thin film of oil or just freely flowing along the 
emulsion stream (Lohne, 1994). 
2) Chemical/demulsifier injection: Emulsions can be further treated by 
the addition of chemical destabilizers. These surface-active chemi- 
cals adsorb to the water-oil interface, rupture the film surrounding 
water drops, and displace the emulsifying agents back into the oil. 
Breaking the film allows water drops to collide by the natural force 
of molecular attraction. Time and turbulence aid diffusion of de- 
mulsifiers through the oil to the interface. Experience has shown 
that the mechanism of the chemical process is not explicable by any 
simple theory. Nevertheless, there is a rule of thumb learned in the 
field that states that the lower the water percentage in an emulsion 
the more difficult it is to treat. 
3) Heating: Heat causes a decrease in viscosity, thickness, and cohesion 
of the film surrounding water drops. Heat also reduces the continuous 
phase (oil) viscosity, helping water drops to move freely and faster for 
coalescing. Controlling the temperature during operations is a very 
delicate job. Any excessive heat might lead to evaporation, which 
results not only in a loss of oil volume, but also in a reduction in price 
because of a decrease in the API gravity. 
4) Dilution with freshwater: Salts in emulsion sometimes come in solid 
crystalline form. So, the need for freshwater to dissolve these 
crystal salts arises and dilution with freshwater has become a ne- 
cessity in desalting/dehydration processes. Freshwater is usually 
injected before heat exchangers to increase the mixing efficiency and 
to prevent scaling inside pipes and heating tubes. Freshwater is 
injected so that water drops in emulsions can be washed out and 
then drained off, hence the term "wash water. " The quantity/ratio 
of freshwater injected depends on the API gravity of the crude, but, 
generally, the injection rate is 3-10% of the total crude flow, 
(al-Kandari, 1997). 
5) Mixing: High shear actions form emulsions. Similarly, when dilution 
water (freshwater) is added to an emulsion, one needs to mix them in 
order to dissolve the salt crystalline and to aid in coalescing finely 
distributed droplets. Mixing works in three steps: (1) helps smaller 
drops to join together, (2) mixes chemical/demuslifier with the 
emulsion, and (3) breaks the free injected volume of wash water into 
emulsion-sized drops and evenly distributes it. 
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EXPERIMENTAL 
In a desalting/dehydration process, there are several parameters that can 
be altered in order to reach an optimum combination of operating con- 
ditions. This daily practice that takes place in most desalting/dehydration 
plants is the theme of this experimental section. Under this study, five 
parameters will be altered to reach the goal of the study, an optimum 
combination of parameters. These are: crude temperature (°C), mixing 
time (min), settling time (min), chemical/demulsifier dosage (ppm), and 
the amount of freshwater added (%) in ratio to that of the wet crude's 
quantity. 
MATERIALS 
Crude oil, collected from a Kuwaiti oil well, was supplied by Kuwait Oil 
Company (KOC). The characteristics of the crude oil are illustrated in 
Table I. Brackish water used in the experiment was collected from field 
operation of the Kuwait Oil Company. Table II gives its characteristics. 
The chemical used as a demulsifier in the experiment is under the trade 
name Servo CC 3408 supplied by Servo Delden BV (Netherlands). 
PROCEDURE 
There are three main variables that were tested in more detail: chemical 
dosage (ppm), freshwater addition (%), and the mixing time (min). The 
other two variables, temperature and settling time, were determined to be 
of secondary priority due to the vast number of studies that have been 
conducted on their effects. It is widely known how temperature and 
settling time affect oil viscosity and the rate of downward settling, 
Table I Characteristics of the Crude Oil Samples 
Characteristic Value 
Specific gravity (60°/60°) 0.864 
Reid vapor pressure (Psia) 10.5 
Pour point (°F) Less than -30 
Average API gravity at 60°F 31.7 
Viscosity (Cs) at 70°F 17.4 
100°F 10.5 
130°F 6.79 
160°F 4.8 
Average sulphur content (% by wt) 2.7 
Asphaltenes (wt%) 2.23 
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Table II Chemical Analysis of the Used Brackish Water 
Specific gravity (60°/60°) 1.009 
Total dissolved solids (TDS), ppm 8900 
Oxygen content (max. ), ppm 8 
Electrical conductivity microomhs/CC 12714 
Calcium as Ca, ppm 801 
Magnesium as Mg, ppm 450 
Total iron as Fe, ppm 0.25 
Sodium as Na, ppm 1926 
Chloride as Cl, ppm 4045 
Sulphate as SO4, ppm 1500 
Bicarbonate as HCO3, ppm 285 
Fluoride as F, ppm 2.5 
Nitrate as NO3, ppm 13.2 
Nitrate as NO2, ppm 6 
Phosphate as SPO4, ppm 10 
Hydrogen sulphide as H2S, ppm - 
Chloride as Cl2, ppm - 
Sodium chloride as NaCl, ppm 6665 
Silica as Si02, ppm 30 
Carbonate as C03, ppm - 
Caustic alkalinity as NaOH, ppm - 
Total alkalinity as CaCO3, ppm 289 
respectively. Therefore, the five variables were divided into two groups: a 
two-point and a multipoint variations group. The two-point group 
consists of two variables: temperature (°C) and settling time (min). The 
multipoint group, on the other hand, consists of three variables: chemical 
dosage (ppm), freshwater addition (%), and the mixing time (min). All 
factors were changed as follows: 
" Two-point variations group: 
A. Temperature: High = 70°C, and low = 55°C. 
B. Settling time: High =3 min, and low =1 min. 
" Multipoint variations group: 
A. Mixing time (min): 1,3,5,7, and 9. 
B. Chemical dosage (ppm): 1,2,5,8,10,12, and 15. 
C. Dilution water (%): 1,2,3,4,6,8, and 10. 
The experimental design that was considered in this study required 980 
combinations or experiments in order to study the effects of these five 
variables. Temperature and settling time were the factors that were found to 
be the least varied in real processes. In fact, settling time is determined in 
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early stages of design and manufacturing of desalting/dehydration plants, 
carried out by the manufacturer based on the customer's preferences. The 
flow rate, however, is a major factor that contributes to settling time and 
hence can be varied daily. Nevertheless, this experiment will focus on the 
three factors mentioned above. The two values of settling time and tem- 
perature used in this experiment were selected from real field experience. 
A short field study conducted in the early stages of this experiment revealed 
the range of values of temperature and settling time in four design phases 
desalting/dehydration processes (KOC, 1987; TPL, 1992). 
In carrying out the experiments, the sample was first analyzed and 
tested for salt result (S/R) in pounds per thousand barrels (PTB) and 
water cut (W/C) in volume percent. The details of these tests, which were 
conducted as per KOC standards, are presented elsewhere (Al-Otaibi, 
1999). 
The diagram in Figure 1 explains the steps followed in carrying 
out one cycle of the experiment. First, freshwater was added, followed 
by the chemical/demulsifier. The mixture was then heated in a water 
bath heater. The heated mixture was then mixed using a mixed speed 
multimixer and poured into a 100 mL centrifuge tube and rotated at 
1000 rpm. The final step in completing one cycle was to suck out the 
top crude volume in the centrifuge tube and test it for salt result (S/R) 
and water cut (W/C). The top volume was taken because that is what 
happens in real operation processes: the treated crude after mixing and 
heating comes out from the top of the desalting vessel. Water volumes, 
being settled out here, are not under investigation in this study. The 
order, shown in Figure 1, in which the factors were varied was fol- 
lowed in that pattern because of the major objective of this study: 
mimicing the real process. In a real process, an emulsion is introduced 
into the system and is subjected to freshwater injection followed by 
chemical dosage. The mixture of emulsion, freshwater, and chemical is 
then heated to a certain temperature and mixed. The blend, at the final 
stage, enters a vessel where settling takes place for a certain time 
period, allowing water and salt to be drained off. The process at the 
final stage produces dry or treated crude oil samples that are tested 
and analyzed for S/R and W/C. 
In each cycle of the experiment, a sample of crude oil to be tested was 
taken in a sample tube or graduated cylinder of about 100 mL. Then, 
according to the previously set ranges, freshwater and chemical demul- 
sifier were added. Crude oil, freshwater, and chemical were next heated 
and then mixed for a certain time (min). The mixture was then taken to 
a centrifuge where it was rotated for a certain time (min) for settling 
purposes. From the top of the centrifuge tube a certain volume of dry 
crude, supposedly treated, was withdrawn by a micro mL syringe and 
transferred to a test beaker. The S/R test was conducted on a partial 
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Figure 1. Steps taken in one experimental run. 
volume of that dry crude, about 10 mL. Then, 50 mL was transferred to a 
centrifuge for the W/C test. 
RESULTS AND DISCUSSION 
As mentioned above the efficiency of desalting in each experiment is 
determined by measuring the salt result and the water cut. The efficiency 
of salt result is defined as one minus the ratio of final salt content divided 
by initial salt content. The water cut efficiency is, however, defined as one 
minus final water content divided by initial water content. We first con- 
sidered changes in a response produced by a change in the level of each 
factor. The individual effect of each factor at different levels was cross- 
plotted against S/R and W/C efficiencies as shown in Figures 2 through 6. 
In addition, we have also considered multiple effects of changing factors 
simultaneously. The data collected for both individual effects and gross 
effects will be used in a subsequent paper to develop semiempirical 
models for correlating W/C and S/R efficiencies. 
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Effect of Wash Water Dilution Ratio 
At the beginning of water injection, the W/C efficiency was higher than 
S/R efficiency as shown in Figure 2. This can be explained by the pre- 
sence of some salt in the crystalline form. The free water was being 
washed out, hence increasing the W/C efficiency, but leaving salt crys- 
talline flowing out with the product crude. As the dilution water injection 
increased, more salt dissolved in the water. The efficiency of S/R 
improved, crossing the water cut efficiency at 3% water injection rate and 
then stepped up as the water rate was increased. The W/C efficiency, 
however, started to deteriorate as the water injection rate increased. This 
is due to a phenomenon known in the petroleum field as the "reverse 
emulsion" incident. It appears that as the continuous phase, being oil 
here, gets more diluted, a higher dissolving rate of salt crystalline is 
reached, thus improving salt removal efficiency but increasing the water 
phase. 
To improve the efficiency of W/C, the wash water injection must 
be operated at the optimum point. Beyond that point, experience has 
shown that excessive water may lead to deterioration in the pH range 
of the water volume as a whole. Ranges of pH above or below 7.0 
may cause severe problems in emulsion breaking and precipitation of 
hydrocarbon solids (e. g., naphthalene) into the water continuous phase 
(Agar, 2000). Elgibaly et al. (1999) stated that at lower values of pH 
(3-10) of emulsion, surfactants dissolve readily in the oil phase 
forming stable water-in-oil emulsions. In contrast, at pH values 
11-13, they noted that surfactants dissolve in the aqueous phase, 
creating stable oil-in-water emulsions. Furthermore, dilution maximizes 
the density difference between water drops and the oil phase. The 
dilution mechanism is also used to minimize the viscosity of the oil 
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Figure 2. Salt result and water cut efficiencies (%) vs. addition of freshwater (initial 
S/R = 100.0 PTB; initial W/C = 5.0%; T= 60°C; mixing time =1 min; settling time =1 
min). 
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Figure 4. Salt result and water cut efficiencies (%) as a function of temperature (initial 
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Figure 6. Salt result and water cut efficiencies as a function of settling time (initial 
S/R = 90.0 PTB; initial W/C = 8.0%; chemical dosage = 5.0 ppm; T= 55 °C; mixing 
time = 1.0 min). 
phase, thus improving the overall efficiency of a desalting/dehydration 
process. 
Effect of Chemical Dosage 
The second parameter investigated was the effect of the dosage of the 
demulsifier (Servo CC 3408) in ppm on the overall efficiency of the 
desalting/dehydration process. Figure 3 illustrates the W/C and S/R 
efficiencies. As the demulsifier was added, both the S/R and W/C effi- 
ciencies increased, reached a maximum, and then decreased at higher 
chemical dosage. The demulsifier acts to neutralize the effect of the 
emulsifying agents, freeing more water drops from the surrounding 
interfacial film. The excessive use of this demulsifier can decrease the 
surface tension of water droplets and actually create a more stable 
emulsion, which is difficult to treat. It is worth noting here that chemical 
injection is usually applied in practice on a trial and error basis. The 
operator injects a certain quantity of chemical, sees the effect on effi- 
ciencies, and then adjusts the quantity injected accordingly. Figure 3 will 
eliminate this trial and error process for the Servo CC 3408 demulsifier 
when used with Kuwaiti crude oil. As can be seen, the point at about 
8.0 ppm chemical dosage is optimum. 
Effect of Heating 
Heating is another important factor used in the desalting/dehydration 
process. When an emulsion is subjected to heating, the rise of tempera- 
ture will increase thermal motions to enhance the collision rate. As the 
temperature increases the viscosity (including interfacial viscosity) will be 
reduced, thus increasing the likelihood of water drop coalescence. The 
results shown in Figure 4 are representative of the effect of temperature 
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on the efficiencies of S/R and W/C of an emulsion sample that has an 
initial S/R of 100 PTB and initial W/C of 3.0%. Figure 4 shows that the 
W/C increased sharply up to a temperature of 60°C, when the emulsion 
started to dehydrate due to evaporation. With excessive heating, W/C 
and S/R efficiencies became independent of temperature. Any further 
heating did not affect the efficiencies. The decrease in S/R efficiency at 
the start of the measurement is not actually an indication of an accu- 
mulation of quantity of salt. It is rather a temperature-no-effect-on-S/R 
region up to a temperature of 60°C. At that temperature some 
improvement in S/R efficiency is observed. 
It should be noted that the reported results are based on experiments 
conducted in an open vessel. Currently most desalting in refineries is done 
in closed electrostatic desalters at 100-150°C; no dehydration due to 
evaporation occurs in these units. 
Effect of MixingTime 
Mixing is used in a desalting/dehydration process to promote further 
dispersion of dilution water and demulsifier/chemical with the emul- 
sion. It is also used to help smaller water droplets coalesce, enhancing 
the S/R efficiency and, in particular, affects the W/C efficiency. 
Figure 5 illustrates this effect. Initially, the W/C efficiency increased 
slightly above the S/R efficiency with increasing mixing time. Both 
efficiencies increased up to the point of 5 min, when W/C efficiency 
began to deteriorate. The reason for such deterioration is due to the 
phenomenon of emulsion type inversion when an emulsion suddenly 
changes type, from water-in-oil to water-in-oil-in-water. This process 
was almost invariably observed in the beaker tests after emulsions had 
been stirred for a sufficiently long time. The time required for a stable 
emulsion to invert depends on the stirring speed, temperature, the 
surfactant species, and its concentration (Sun and Shook 1996). 
Although many papers and studies have explored this subject, the exact 
mechanism of inversion remains unclear. 
It can also be observed from Figure 5 that at a long mixing time, as 
more salt quantities melt and are collected at the bottom of the test 
beaker, the S/R efficiency improves. Elgibaly et al. (1999) also reported 
similar observations. TPL (1992) also reported that too low pressure 
drops (short mixing time) across the mixing valve of a desal- 
ting/dehydration process will cause a decrease in S/R efficiency. That is 
due to a less intimate contact between dilution water and crude. In this 
case, a high S/R in the treated crude stream can be expected. In contrast, 
too high pressure drops (long mixing time) will create a mixture between 
water and oil with a very high stability. Under this case, a high W/C in 
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the treated crude stream can be expected. So, for the oil and demulsifier 
investigated, very short mixing times will improve the W/C efficiency but 
not the S/R efficiency. Along the same line, very long mixing times will 
improve S/R efficiency but not the W/C efficiency. The latter statement 
actually reflects a situation encountered in our experiment, as can be seen 
in Figure 5. 
Effect of Settling Time 
The settling time factor was experimentally investigated using a cen- 
trifuge at a fixed speed of 1000 rpm. The relative centrifugation force 
(g force) was 223.6. The time was varied from 1 to 5 min. Figure 6 
shows a dramatic increase of S/R and W/C efficiencies. The settling time 
factor was varied here from 1.0 min to 5.0 min. Basically, the two effi- 
ciencies follow the same pattern when settling time is applied. The S/R 
efficiency shows a sharp increase at the first three levels (1.0-3.0 min) and 
then a leveling off towards the end points (4.0-5.0 min). The W/C effi- 
ciency increases as a result of the increase of gravity difference between 
oil and water. It can also be observed from Figure 6 that at higher settling 
times (4.0-5.0 min), the efficiency reached a maximum value of 65.0%. 
The asymptotic behavior in W/C efficiency is due to reaching a point at 
which the water droplets are too small to settle out. This can be attributed 
to their relatively high specific surface. A specific concentration of che- 
mical/demulsifier or more mixing times is required for further settling. 
This is due to the type of emulsion that is being tested; more than 40.0% 
of the water droplets are considered too small to release from the thin 
films surrounding them. Those thin films create what is known as a tight 
emulsion: an emulsion that contains very small droplets (less than 10.0 
microns) that are hard to settle out. 
Combined Effects 
Figure 7 shows W/C as a function of mixing time at two different tem- 
peratures, 55 and 70°C. In this run, the sample initial W/C was 12.0%, 
chemical dosage was 1.0 ppm, dilution water injection rate was 1.0%, and 
settling time was 1.0 min. The experimental data show the optimum 
mixing time with the corresponding temperature. Mixing times in the 
range of 12.0-15.0 min at 55°C give a W/C less than 3.0%. The figure 
clearly shows that increasing the temperature while fixing the mixing time 
would not improve the W/C final value for the oil and demulsifier stu- 
died. This is true because at higher temperatures, the decrease in viscosity 
is counterbalanced by the effect of chemical/demulsifier on the type of 
emulsion. 
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When the W/C value is plotted against chemical dosage (ppm), 
Figure 8 shows the reverse situation at the same two values of tem- 
perature, 55 and 70°C. The mixing time is fixed here at I min but the final 
values of W/C behaved in an opposite way to those of Figure 7. If an 
excess of chemical/demulsifier is used under the lower temperature, 55°C, 
the W/C value becomes independent of chemical dosage. In the opinion 
of many researchers (e. g., Schramm, 1992) this independent behavior is 
due to the development of multilayers of emulsions that are not affected 
by any change of chemical dosage. 
Figures 9 and 10 show the effect of chemical dosage on S/R and W/C, 
respectively. The initial sample had an initial S/R of 100 PTB and an 
initial W/C of 8.0%. The mixing time was set at 3 min and the settling 
time was 1 min. The temperature was kept at 55°C. As the chemi- 
cal/demulsifier was added, it was absorbed in the oil-water interface, and 
the interfacial tension decreased. The amount of dilution water added 
affects the output for both the W/C and S/R values. These amounts of 
dilution water tend to improve the result for both the S/R and W/C. This 
is consistent with the results obtained by other researchers (Bartley, 1982). 
CONCLUSIONS 
Water associated with oil production can cause considerable operational 
problems. The removal of this water can be readily accomplished by 
using a desalting/dehydration process. The process utilizes a set of 
interacting factors to produce the optimum outcome of treated crude oil 
with the least S/R and W/C. 
Based on the experimental study performed with a Kuwaiti crude oil 
and the demulsifier Servo CC 3408, two main conclusions can be drawn. 
First, settling time is the main factor that could be utilized to the highest 
level in achieving the best operating conditions. Secondly, excessive 
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Figure 7. Water cut (%) vs. mixing time at two different temperatures (initial 
W/C =12.0%; chemical dosage =1.0 ppm; dilution water =1.0; setting time = 1.0 min). 
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Figure 8. Water cut vs. chemical dosage at two different temperatures (initial W/C = 8.0%; 
mixing time= 1.0 min; settling time= 1.0 min; dilution water= 1.0%). 
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Figure 9. Salt result vs. chemical dosage at two different dilution waters (initial S/R = 100.0 
PTB, initial W/C = 8.0%; mixing time =3 min; T= 55°C; settling time =1 min). 
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Figure 10. Water cut vs. chemical dosage at two different dilution waters (initial S/R =100 PTB, initial W/C = 8%; mixing time =3 min; T= 55°C; settling time =1 min). 
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amounts of demulsifier have adverse effects on crude oil desalting. The 
former point raises the issue of new technologies applied in the field of 
emulsion treatment. As water content increases with crude oil, wellhead 
pressures decrease, the lifting costs increase, and profitable fields become 
marginal. The traditional settling-tank technique will be inadequate, and 
other means of improving production quality become a must. This 
indicates that, for the oil and demulsifier studied, future technology of 
water-in-oil emulsion treatment should be based on centrifugal techni- 
ques. In fact, it is reported by Alfa Laval (2000) that centrifuges are 
capable of removing up to five times more water from the washed crude 
oil than traditional settling tanks. 
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